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The work of Collip (1925) on the extract of the parathyroid gland 
demonstrates that this substance, when administered to animals, calls forth 
a large increase in the concentration of calcium in the blood. These ob- 
servations, however, give no hint as to the real source of the calcium that is 
drawn into the blood stream under the influence of the hormone. Green- 
wald and Gross (1925) express the view that probably the bones are the 
principal source, with the possibility of some coming from other tissues. 
In view of the well-known effects of calcium ions upon muscular activity, 
including the cardiac variety, especial interest is attached to the manifes- 
tations accompanying parathyroid hypercalcemia. Two widely different 
types of effects may be exhibited, depending on whether the hormone tends 
to withdraw calcium from the muscle, thereby diminishing the available 
supply in the tissue, or whether some other source of calcium becomes 
mobilized into the blood stream, in which event a calcium concentration 
above normal may be present in heart muscle tissue. These alternate 
views will receive consideration in the light of the work of others, as well 
as the observations reported in this paper. 

The action of calcium ions on the cold-blooded heart is well established, 
but for the mammalian heart the conditions are not so simple and the re- 
sults not so clearly defined. Brull (1924) has shown that an isolated 
mammalian heart under large doses of calcium first increases in rate then 
exhibits A-V block and finally stops in diastole. When calcium in thera- 
peutic amounts was injected intravenously into a normal dog there resulted 
bradycardia and alterations in blood pressure. Walter and Bowler (1924) 
gave intravenous injections of calcium and observed an initial increase in 


1 Preliminary report, Proceedings of the American Physiological Society, 1926, 
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the heart rate with no change in blood pressure. By using large doses, 
however, they showed changes in conduction, extrasystoles, and tachy- 
cardia. Singer (1921) concludes from observations on intravenous ad- 
ministration of CaCl, that there is temporary slowing and strengthening 
of the heart beat, together with some decrease in blood pressure, and 
Lowenberg (1923) reports that repeated small doses of calcium exert a 
beneficial effect upon heart action which he terms a cardiotonic effect. 
In studies upon the frog’s heart Leontowitsch (1912) has shown that the 
form of the electrocardiogram can be changed in various ways by altering 
the calcium concentration of the perfusing fluid. 

Results indicative of a calcium effect on the heart function in animals 
with parathyroid hypercalcemia is strong evidence, we believe, of an in- 
creased calcium content in the muscle tissue of this organ. The present 
experiments, therefore, dealing with the functional action of the heart 
under conditions of high blood calcium maintained for many hours through 
repeated injections of parathyroid extract, bear upon the question of the 
source of calcium under these conditions. In the use of the extract of the 
parathyroid gland the possibility must be kept in mind of other hormone 
effects beside that of raising the calcium of the blood. While the possible 
presence of such effects has been clearly recognized, we have been unable 
to discover evidence that they exist. 

MetuHop. The extract used in these experiments was the preparation 
of Messrs. Eli Lilly & Company which contains 20 units for each cubic 
centimeter of the solution. The dogs used in all of the experiments were 
in excellent condition and had been in the laboratory several days previous 
to being used for the tests. They had been fed on the customary diet of 
animal crackers in portions adequate for maintenance. The weight of the 
animals ranged from 6 to 10 kilos, and the extract was given subcutane- 
ously in doses of 20 to 50 units at intervals of 2 to 4 hours during the day. 
Electrocardiographic records were taken usually at the time of the first 
injection of the extract and thereafter at frequent intervals. Records of 
heart sounds were attempted in several instances but with generally unsuc- 
cessful results due to the animals’ developing an abnormal amount of 
trembling after several injections of the extract had been given, and these 
tremors confused the tracings of the sounds from the chest. Blood pressure 
tracings directly from the femoral artery were made, but only after the 
animal had been under the action of the extract for 36 hours or more, and 
also pulse tracings were taken by the optical pressure method. In several 
experiments blood samples were taken and estimations made of the amount 
of calcium of the blood. These determinations show values between 15 and 
22 mgm. per cent and serve as a check on the effectiveness of the para- 
thyroid extract in producing an elevation of the calcium in the blood. 

Resutts. The present series of experiments embraces observations on 
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11 different animals. Eight were terminated intentionally after the records 
had been taken; 1 died after certain experimental procedures; and 2 died 
apparently as a direct result of receiving too much of the extract. It has 
been noted by other workers with parathyroid hormone that there is con- 
siderable variability exhibited in the reaction of different animals to the 


extract. Some of our dogs did not develop symptoms of nausea or of 
diarrhea, but in all there was greatly diminished activity after several 
doses had been given. In some instances there was shown a profound 
depression of a shock-like character with dulling of the sensory reaction 
and with weakening of the muscular control. 

We have considered the appearance of gastro-intestinal disturbances or 
a depression in muscular activity as early signs of an effect of the extract 
and in table 1 are presented the data at the time of the observed appearance 

TABLE 1 


AMOUNT OF EXTRACT 
GIVEN WHEN SYMPTOMS 
APPEARED 


| TIME OF FIRST OBSERVED 
SYMPTOM 


TOTAL AMOUNT OF TOTAL PERIOD OF 
EXTRACT GIVEN INJECTION 


’. per kgm, hrs. U. per kgm. 
20.6 47. | 18.8 
14.3 
28. 15 
13. 13 

26.¢ 55. | 20 

40. 20 

32. | 

15. ; 12 

20. 13. 

18 19.: 

30. 46 


of these signs in relation to the amount of the extract administered. <A 
wide range of variation is shown with regard to the amount of the extract 
apparently necessary to produce an effect and also with regard to the length 
of time after the beginning of injection when the signs of effect may appear. 

Heart rate and blood pressure. The heart rate in these animals, when 
followed over a period of 2 to 3 days, shows first a tendency to rise slightly 
and later to decline to a frequency very much below the normal for dogs. 
The data of one experiment will bring out these features in a typical way. 
In experiment 9 of our series the rate at the outset was 150 per minute and 
at the end of the 25th hour it showed an increase to 176 per minute, which 
is the highest rate attained in this animal. At the 48th hour the rate 
had declined to 124 per minute and at the 56th hour it was down to 64 
per minute. This final slowing is a characteristic feature of our results 
and in many instances was accompanied by marked irregularity of the 
rhythm. 


U hrs. 
45.0 
29.0 
31.0 
29.0 
30.0 
| 39.0 
| 29! 
ee ) 
31.0 
5 
40.0 
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A special aspect of this irregularity of rhythm is related to the fact 
previously noted that after several doses of the extract the animals show 
tremors to an unusual degree. Coincident with each shiver that passes 
over the animal there is an irregular acceleration of the heart and an ir- 
regular slowing between the spasms. The nature of these muscular dis- 
turbances is not evident from our observations. It is possible that they 
are due to an action of the extract upon the nerve centers in a manner to 
increase muscular tonus. That they are not due to an excessive fall in 
body temperature from a possible lowering of blood pressure is indicated 
by the fact that applying a heating pad to the animals seemed to have little 
effect in the way of alleviating the condition. 

The blood pressure measurements taken on 7 animals after they had 
been under the action of the extract for many hours shows an average of 
87.7 mm. Hg. These readings were made before any experimental pro- 
cedures had been carried out except the anesthetizing of the animal with 
amytal and the insertion of a cannula into an artery. Earlier determina- 
tions of the pressure would have been desirable in order to observe if the 
stage of increasing heart rate is related to a blood pressure change, but this 
was not done because it would have been necessary to give an anesthetic 
and expose an artery. 

The records of the pulse curve obtained with optical manometers of the 
Frank type (1916) are of interest in showing a high resistance form of curve 
when the blood pressure is comparatively low. The curve in figure 1 is 
from an animal that had received a total of 20 units per kilo of the extract 
and was taken at approximately the 60th hour in the course of the injec- 
tions. The mean blood pressure recorded simultaneously was 86 mm. Hg 
and the heart rate 124 per minute. The large amplitude and rounding 
contour of the parts designated a-b-c and the high beginning followed by 
the slow gradual slope of the part marked d-e of the curve are significant 
of a high resistance to the flow of blood. A curve of this form is commonly 
obtained with a mean pressure of 110 mm. Hg and above and is very differ- 
ent from the curve shown with pressures below 90 mm. Hg, or the low re- 
sistance type of curve. 

In seeking an explanation for this unusual condition of an apparent high 
resistance with a mean pressure below the normal level we have come to 
consider the influence of another hemodynamic factor, the viscosity of the 
blood. It is a fact not sufficiently emphasized that peripheral resistance 
in the circulatory system is in reality internal frictional resistance of the 
blood. When the velocity of this fluid in the arteries is diminished the 
internal blood resistance is likewise diminished, and when heart action is 
reduced, other things remaining the same, it has the effect of reducing the 
velocity, with a decrease in peripheral resistance and a fall in blood pres- 
sure. In case, however, a change takes place in the viscosity coefficient 
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of the blood a different set of conditions becomes estab 
in the blood vessels under normal conditions a thin lay 
stream next to the wall in which many gradations of velocity 


and this constitutes the essential factor of peripheral resistance. When 


the viscosity of the blood is increased there is an extension of this resistance 
area to include much more of the blood stream and possibly the entire cross 
section of many vessels. The obvious effect of this is to increase the 
peripheral resistance factor, to shift it closer to the heart, and to reduce the 
mean lineal velocity in the larger vessels. 
It is significant that the blood viscosity 
measured at the time the curve in figure |] 
was taken shows an average value of 10.2, 
while measurements on the same animal 24 
hours previously gave an average figure of 
6.8. In some of our experiments an in- 
crease in viscosity of over twofold was 
shown. These determinations were made 
by the Hess method on samples of blood 
from a freshly bleeding surface at the edge 
of the ear. They were carried out in from 
20 to 30 seconds in order to minimize the 
error from a decrease in coagulation time, 
although we recognize that this probably 
played some part in bringing about the 
change. The results of viscosity measure- 
ments agree with the observations of Collip Fig. 1. Carotid pulse form 
(1925) and those of our own on the thick, Showing the high peripheral re- 
sticky character of this fluid when viewed “!Stance character associated with 


alow mean blood pressure. Time 
directly in the later stages of hypercalcemia. 


line intervals shown at bottom 
We attribute to this change in viscosity an Bach broad vertical division 
essential réle in the bringing about of a 0.2 second 

different hemodynamic relation. 

Arrhythmia. In many of our experiments arrhythmia in the form of 
premature ventricular contractions was observed. Sakai (1914) has found 
such an arrhythmia exhibited by the frog’s heart when the proportion of 
calcium in the perfusion fluid was increased. Possibly this type of irreg- 
ularity is brought about by influences acting upon the peripheral vagus 
endings. Curiously enough, amytal injected intraperitoneally for its 
anesthetic effect not only quickened the heart rhythm but abolished 
the arrhythmia. In normal animals this drug tends to slow the heart, 
hence it appears that in dogs treated with parathyroid extract there is 
quite a different cardiac reaction. 

Against the possibility that amytal abolishes the vagus control is the 


/ / 
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observation made in one experiment that there was a decrease in heart 
rate following vagotomy. It is possible that these changes in heart rate 
following amytal are due in part to an effect that this drug may have 
in increasing the coronary blood flow, as indicated by the recent work 
of Gruber and Roberts (1926). 

The respiration rate shows an increase in many of these animals treated 
with parathyroid extract. In experiment 5 of our series simultaneous rec- 
ords were made of the respiration and heart rates. Calculating from 
these the frequency, we have obtained the extraordinarily high figure of 
159 per minute for the respiration and 143 for the heart rate. Presumably 
this high respiration rate is due to a stimulation of the respiratory center, 
and it_is of interest to note in this connection that Hooker (1912-13) has 
shown that an excess of calcium over potassium in the fluid perfusing a 


Fig. 2. A: Normal electrocardiogram before giving parathyroid extract. 
B: Reeord from same animal 30 hours later showing large P waves. Blood 
caleium 21.7 mgm. per cent. Broad vertical lines represent time intervals of 0.2 


second. 


frog’s medulla produced a stimulation of the respiratory center. Popescu- 
Inotesti (1925) has shown, moreover, that tachypnea often resulted when 
small doses of calcium were injected intravenously in man. 

The electrocardiogram. An analysis of our records with reference 
to the spread of the excitation within the heart does not reveal a 
characteristic type of change throughout the series. Certain features 
presented in some are of interest in indicating a special kind of 
alteration. In figure 2 the tracing A, taken from an animal shortly 
after the first dose of parathyroid extract, shows a P wave of the 
normal form. In part B of this figure is a tracing taken on the same 
animal 30 hours later, and in this the P wave exhibits a larger amplitude 
with a more pointed top. A blood sample taken directly from the right 
ventricle shortly after this record was made showed a blood calcium con- 
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tent of 21.7 mgm. per cent. A change in the form of the P wave of this 
character is unusual and cannot be explained, we believe, on other grounds 
than that of an increase in the muscular activity of the auricle. It is 
obviously not hypertrophy, since the time is too short for this change to 
occur. 

We are naturally led to inquire whether a simple dilatation of the auricle 
may not have produced a greater contractile response by placing the mus- 
cular tissue under slight stretch and greater initial tension. In some man- 
ner the number of fibers simultaneously contracting must have been in- 
creased. That the observed change in the P wave was due in the present 
instances to dilatation, especially of the right auricle, is supported by direct 
observation of the beating heart during the later stages of the experiments, 
showing an unusual degree of expansion of this chamber, and by the autop- 
sies showing the right auricle always much engorged and sometimes ex- 
panded to nearly twice its normal size. The observations of Segal and 
White (1925) are of interest in this connection in showing in one patient an 
increase in the size of the P wave following the administration of calcium. 

In the Q.R.S. group some splintering of the R wave occurs and becomes 
more marked as the effects of the extract on the animal progress. A main- 
tained positive potential that prolongs the R wave well over toward the 
T wave has also appeared as a progressive change in the form of this group. 
Alterations in the magnitude or of the direction of the T wave occurred 
frequently in the course of the experiments. 

It is evident that the electrocardiographic changes are comparatively 
slight, a fact that is not surprising when the nature of the information 
revealed by such records is kept in mind. The fact that changes in the 
electrical potential of the heart appear under these circumstances, however, 
is relatively more important than the fact that they are not constant in 
character or that they are of small magnitude. In the light of other evi- 
dence it indicates, we believe, that there is some shifting and readjustment 
of the heart going on in order to accommodate for different dynamic 
relations. 

Influence of asphyxia. In order to test in another way the functional 
capacity of the heart in these animals with hypercalcemia we have recorded 
the blood pressure and volume change of this organ during terminal as- 
phyxia. The significant things brought out in such records and portrayed 
in figure 3 are the relatively slow and much smaller initial rise in blood 
pressure, the small amount of diastolic dilatation of the heart, and the long 
sustained slow rhythm. 

The usual elevation of blood pressure accompanying asphyxia is due in 
part, as shown by Mathison (1910), to vasoconstriction excited by the 
increase in pH of the blood and in part to the action of the same stimulus 
on the heart, producing a dilatation with augmented discharge per: beat. 
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When the curve of blood pressure is related to simultaneous records of 
systolic-diastolic volume of the heart, it will be seen that the characteristic 
alteration is not the same in each. Dilatation as a compensatory mech- 
anism in asphyxia in these hearts comes on slowly, is relatively small in 
degree, and may progress for some time after the maximum is reached in 
the blood pressure rise. While this evidence is not conclusive proof that 
the interrelated mechanisms of vasoconstriction and cardiac dilatation are 
functionally dissociated in these animals with hypercalcemia, it does in- 
dicate, we believe, that the cardiac factor of dilatation has undergone some 
change which renders it less adaptable in this emergency. Our records 
show, moreover, that the change in the behavior of the heart is through a 
lessening of the diastolic dilatation. 


ERR 


Fig. 3. Charts showing the change during asphyxia in blood pressure, heart rate, 
and heart volume in a normal animal and in one treated with parathyroid extract. 


These results indicating a decreased tendency to dilatation relate only 
to the ventricle part, and from observations on the appearance of the heart 
after terminal asphyxia, it appears that it is mainly the left ventricle that 
is responsible for this result. The heart of these animals, when opened after 
death, differs from a normal heart in the following essentials: the right 
auricle and ventricle contain much blood and the muscular wall of the 
ventricle is soft and flabby, whereas, on the left side, the auricle and 
ventricle are practically bloodless and the ventricular wall is hard and tonic 
in appearance. 

Autopsy findings. Two of our animals died without having had any 
experimental procedures upon them excepting electrocardiogram records. 
One had received 20.6 units per kilo of the extract over a period of 47 hours 
and died at the 56th hour; the other had received 15 units per kilo over a 
period of 46 hours and died at the 60th hour. Aside from the appearance 
of the heart as noted above, the striking things revealed by the autopsies 
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were the engorged condition of the vena cavae, the marked venous con- 
gestion of the livers, and a very pronounced state of injection of the veins 
of the mesentery and walls of the intestines. The lungs showed no evi- 
dence of congestion, and the peripheral tissues were unusually dry and firm. 

Discussion. The evidence detailed above clearly indicates that definite 
changes occur in the circulatory function when repeated injections of para- 
thyroid extract are given over long periods. The more important of these 
changes are the alterations in heart rate, with irregularity of the rhythm; 
extrasystoles and shifting of the pacemaker; a low blood pressure; and signs 
of stagnation of the blood in the large veins and the right side of the heart. 
In the introductory part of this paper we have cited some of the work relat- 
ing to the effects on the heart and circulation of the administration of 
calcium. It is now evident that a close similarity exists between the effects 
accompanying the condition of hypercalcemia from parathyroid extract 
and those produced by large doses of calcium introduced directly into the 
blood. Especial significance is attached to this feature of our results 
since it indicates, we believe, that the condition following repeated injec- 
tions of parathyroid extract is not only a hypercalcemia of the blood, but 
a condition of increased calcium concentration of the heart muscle and 
probably also the other muscles of the body, the glands, and nervous tis- 
sues. These results indicate, furthermore, that the effects of the extract 
are mainly due to the action of the increased calcium concentration of the 
blood and probably not at all to other possible hormone effects of the 
extract. 

The low mean blood pressure and evident stagnation of blood in the 
venous reservoir and right heart are suggestive of circulatory failure from a 
hypodynamic heart. On the other hand, there is evidence from the optical 
pulse records to show a vigorous cardiac contractility and auscultatory 
observations to indicate a somewhat accentuated or throbbing type of 
heart contraction under these circumstances. The explanation of these 
apparently divergent results lies, we believe, in the greater tonicity of the 
heart, especially the left ventricle, and in the increased viscosity of the 
blood. 

Considerable interest has been shown in the action of calcium when ad- 
ministered to human subjects. In addition to the cardiotonic effect 
referred to above it is claimed by Petzetakis (1924) that calcium, used 
intravenously in cases of arrhythmia, exerts a beneficial effect upon the 
disordered action with relief of the symptoms. Singer (1921) found that 
intravenous injections of 0.5 gram doses of calcium chloride produced a 
temporary diuresis, and Segal and White (1925), from studies on normal 
and diseased subjects, conclude that the administration of calcium exer- 
cises a diuretic effect that is beneficial in patients with cardiac edema. An 
extensive experimental study by Walter and Bowler (1924) on the influence 
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of intravenous calcium gave results which led them to suggest its use as a 
pre-operative measure for patients with obstructive jaundice. 

These instances will suffice to indicate that calcium has been given in a 
variety of conditions. Furthermore, a review of the method of administer- 
ing it reveals that in many instances it has been given in comparatively 
large amounts. The evidence seems to show that it is not retained very 
long when administered intravenously. In this regard, therefore, the 
action of calcium, when injected, may be somewhat different from the 
maintained calcemia resulting from the parathyroid hormone. The ob- 
served similarity, however, between the effects following the use of calcium 
salts and those which we have described above as accompanying para- 
thyroid overdosage and the unfavorable character of the latter effects, 
afford grounds for the conclusion that caution should be exercised in the 
use of any measure which may considerably increase the concentration 
of this element in the blood. 


SUMMARY 


1. Subcutaneous injections of parathyroid hormone were given to 
healthy dogs at intervals of about 2 to 4 hours. The single dosage ranged 
from 20 to 50 units, and the total amount given varied between 13 and 40 
units per kilo of body weight. 

2. After several doses of the extract had been given, blood samples were 
taken and estimations made of the calcium concentration. These samples 
showed calcium values between 15 and 22 mgm. per cent. Measurements 
of the blood viscosity were made in some experiments and showed an 
increase in this property. 

3. The animals showed fine muscular tremor very early in the course of 
the treatment. Later, however, there was always some depression and 
in a few instances an unmistakable atonia. Increased salivation and 
nausea were observed in some instances. 

4. The heart rate increases slightly during the early stages of parathy- 
roid treatment. This is followed by a slowing and usually a marked 
arrhythmia. Premature beats and a shifting of the pacemaker function 
frequently appear during this stage. The blood pressure taken after the 
animal has been under the treatment for 24 hours or more shows for 7 
experiments an average value of 87 mm. Hg. The pressure pulse form 
indicates a condition of high resistance to the blood flow, but reasons are 
presented for regarding this feature as intimately associated with the 
change in the viscosity of the blood. 

5. The electrocardiogram records do not reveal any constant changes. 
Some records show the P wave undergoing a progressive increase in height 
during the period of treatment, and direct observations of the heart have 
shown a dilatation of the right auricle. The view is advanced that the 
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change in the P wave may result from the greater activity of the slightly 
stretched auricle. Changes occur in the amplitude and direction of the 


T wave. 

6. A comparison of the changes in heart function during hypercalcemia 
from overdoses of parathyroid extract, with observations on the effects 
produced by the administration of calcium salts in large amounts, shows 
features of similarity. The view is put forward that there is a hyper- 
calcemia of the tissues as well as of the blood and that the changes in heart 
action are mainly due to the calcium effect. The effects on circulatory 
dynamics accompanying parathyroid hypercalcemia may not be con- 
sidered favorable, and in this light the administration of calcium in large 
amounts to subjects with cardiac weakness is viewed as a questionable 
procedure. 
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This paper is one of a series of studies on various factors influencing 
the oestrous cycle in the female albino rat. In previous papers of the 
series, (Lee, 1925, 1926) were reported the effects of thyroidectomy, thyro- 
parathyroidectomy and parathyroidectomy. 

Long and Evans (1922), extending the work of Stockard and Papani- 
colaou (1917), have developed a simple and accurate method of following in 
detail, by means of vaginal smears, the course of the oestrual cycle in the 
rat. Since the cycle is a manifestation of and dependent upon endocrine 
activity of the ovary there was thus made available a means of determining, 
somewhat quantitatively, variations in that activity produced experi- 
mentally. Other indices of ovarian activity either entail the killing of the 
animal and thus stopping the experiment, or else, as in the case of repro- 
ductive ability, the use of a large number of animals over a long period of 
time. By the vaginal smear method cycle after cycle may be followed 
in the same animal in the course of a comparatively short time, and without 
affecting the rhythm to any noticeable extent. 

As other workers have pointed out (Papanicolaou and Stockard, 19290; 
Evans and Bishop, 1922), the normal oestrual rhythm is easily disturbed 
by such environemtnal factors as malnutrition, inanition, infection, the 
crowding of animals in small cages and variations in temperature. All 
of these observations have been corroborated by experiences in this labora- 
tory. Ovarian activity is apparently rather easily affected by such con- 
ditions, the result being usually an inhibition of the activity which is indi- 
cated in the oestrual cycle by a prolonged dioestrum or rest interval. In 
oestrous cycle work we have found it best to keep only a few rats in a cage, 
to discard those showing any abnormal physical conditions and to feed a 
thoroughly adequate ration. In the course of some work on the oestrous 
cycle during the winter of 1923-1924 it was noticed that often when the 
temperature of the colony room became low, the oestrual cycles of the 
animals were lengthened. It was hence thought desirable to investigate 
more thoroughly this effect. To determine the effects of low tempera- 
tures it was decided to keep one series of animals out of doors during the 
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cold months of the winter of 1924-1925, comparing the oestrous cycles 
with those of the control series kept under the rather constant room 


temperature. 
Forty-seven female albino rats, of from 120 to 180 days of age, and, to alli 
appearances, in good condition, were selected from the general colony for 


this study. They were divided into two lots, one group serving as controls 
for this and other work in progress at the same time, and the other group 
serving as experimental animals. The two groups were left together, 
however, during a preliminary observation period. 

Careful attention was paid to environmental conditions, since it was 
with one of these conditions that the study was concerned. Indoors the 
animals were kept in a well-ventilated room, lighted by a skylight and 
without windows. This room was heated by means of a circulating air 
system and hot water radiators, and temperature variations were slight. 
The average room temperature throughout the period of observations was 
22°C., and the occasional variations were not greater than 4°. Four rats 
were confined to a cage 201210 inches. The bedding was changed 
often and the animals were kept free from vermin. A ration adequate in 
all nutritional respects was kept before the animals at all times. This food 
mixture (McCollum formula) contained the following constituents per 
hundred pounds: 


Whole wheat flour. 

Skim milk powder 

Casein...... 

NaCl 

Cottonseed oil plus cod liver oil....... ea 5.0 


In addition, fresh cabbage or lettuce and corn were fed weekly, and raw 
liver occasionally. 

The control animals were kept indoors throughout the period of observa- 
tion, from October 1 to the following June. The experimental series was 
also kept indoors, under the same conditions as the controls (the two series 
were not separated in the cages) at the beginning of the experiment, from 
the first of October until the twenty-third of November. This will be 
termed the preliminary observation period. On November 23, eighteen 
healthy experimental animals, whose oestrual cycles had been normal in 
all respects during the preliminary period, were placed in cages out of doors. 
The location selected was an animal runway on the northwest side of the 
building. This was in the form of an alley, 6 feet wide and 11 feet high, 
open to the outside air at the top. The rats were placed, four in a cage, 
on a low table close to the north wall of this runway. A sloping roof of 
tin was placed from the wall over the cages to protect the animals from 
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snow and rain. The cages also were supported an inch above the table 
top as a further protection from dampness. All sides of the cages were 
exposed to the air, and the front side to the light. In this position on the 
north side of the building, however, the rays of the sun did not fall on the 
bottom of the alley. A recording hygro-thermograph was placed on the 
top of one of the cages, and was kept running throughout the experiment. 

The animals were given an abundance of soft pine shavings and fine 
excelsior for bedding and nest materials. Ordinarily they constructed 
nests and remained in them much of the time. The temperature inside 
of these nests was taken several times, and found to be only slightly higher 
than that recorded on the thermograph. An abundance of food was kept 
before the animals at all times, and during freezing weather the water 
bottles were changed several times each day. 

It was at first feared that the rats would not be able to withstand the low 
temperature and that mortality due to infection would be high. Such was 
not the case, however. Only two of the animals developed acute respira- 
tory disorders, these being discarded from the series. The others re- 
mained in excellent health, showed a heavy, sleek coat of hair, maintained 
body weight above that of the controls, and to all appearances suffered 
no ill effects, even though the temperature was as low as —15°C. and 
remained at an average of —5°C. for several days at a time. 

The animals were left out of doors from November 23 until the following 
March 1. On this date they were brought indoors again and placed with 
their controls in a room at a temperature of 22°C. They were kept under 
observation for the following three months, which time will be referred to 
as the final observation period. 

Daily. determinations of the stage of oestrus in all animals were made 
throughout the period of observation. The experimental rats were 
brought inside for a period not longer than ten minutes each day while 
vaginal smears were made and the stage of the cycle determined in each. 
It has been our experience that if rats have been thoroughly ‘‘gentled”’ 
the procedure of withdrawing a sample of the vaginal fluid for microscopical 
examination has no effect on either the length or character of the cycle or 
on the reactions of the animal. 

Of the control series, all animals showed oestrous cycles of normal 
length (average 4.8 days), and character throughout the eight months of 
observation. Of the twenty-three animals originally in the control series 
two developed a respiratory infection and were discarded, and six showing 
abnormal cycles due to some obscure cause, were also discarded. The 
final control series thus contained fifteen animals, all of which remained in 
good condition throughout the experiment, maintained normal growth 
and showed normal cycles. The data from this series of animals are given 
in table 1. 
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Of the twenty-four rats of the experimental series four developed respira- 
tory infections and were discarded, and four showed abnormal cycles 
during the preliminary observation period and were discarded. Thus 
in this series sixteen rats in all were carried under observation through the 
entire period. These animals during the preliminary observation period 
indoors showed normal oestrous cycles, of the same length as those in the 


TABLE 1 


Lengths of oestrous cycles in control rats and in experimental rats during control period 


EXPERIMENTAL SERIES 
CONTROL SERIES — 


| A. Preliminary period indoors B. Final period i 
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of each cycle, 
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Totals....| 3,675 


Average length of 
4.8 
Standard deviation... .|+0. 
Coefficient of varia- 
4.0 


controls (average 4.8 days). During the period of time in which they were 
exposed to outside temperature, the oestrual cycles were inhibited to a 
considerable extent. In the threemonths’ period these sixteen rats showed 
a total of only 185 cycles, as compared with a total of 294 oestrual cycles 
in the fifteen controls. The total length of each cycle is these animals 
averaged 8.6 days, or 180 per cent of the average length of the cycle in the 


| ge | 
| 
275 52 | 9 116 
276 | 49 | 7| 171 
284 | 49 | 4| 221 
287 51 8 | 242 
288 52 | 6 | 285 
297 50 8 | 286 
298 51 1 | 420 
413 51 
564 | 50 
565 49 | 
566 | dl | 59 4.9 
586 52 | 57 4.7 
587 51 | 64 4.9 
588 | 61 | 64 4.6 
570 62 4.8 
| 181 | 865 206 | 989 
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controls. The lengthening in all cases was in the dioestrum or rest interval, 
all of the other stages being affected to no appreciable extent. 

The more significant fact is that there appears to be some definite cor- 
relation between the lengths of the cycles and the temperature. There 
was, of course, a considerable fluctuation during each twenty-four hours, 
the temperatures usually going lowest during the night. There were also 
fluctuations of the average temperature from day to day. By plotting 
the daily average temperature, it was found that the three months’ time 


TABLE 2 


Le ngths of oestrous cycle sin rats u nder outdoor te mpe ratures 


LENGTHS IN DAYS OF SUCCESSIVE CYCLES 


VE GE 
TOTAL rota, |*YERAGE 


LENGT 
NUMBER} NUMBER 


OF OF 
DAYS CYCLES 


RAT 
NUMBER November 23 to December 20 to 
December 20—average | February 4—average 
temperature, 3°C. | temperature, 2°C, 


February 4 to 
March 1—average 
temperature, 
10°C, 


111 
116 
171 


or 


7,10| 13 
5, 6 99| 13 
12, 5 10, 8} 105| 13 
221 10, 9, 1: 94/ 11 
242 6, 99} 11 
985 | 18, 96 9 
286 8, 6, 99 12 
420 5, 9, 8,6 9, 9, 11 
434 , 6 | | 6, 7, 7, 5) 12 
447 3, 15, | | 2: , 9, 6 103 | 

383 | | 17,10, 11,10 98 | 

391 3, 8 (en, % & Ti | 96 | 

362 es | 5,13, 10, 8,12] § 97 

567 | ! 7, 6, 9, 6, 6 98 | 

569 | 5, 16 | 15, 14, 6, 15 5 104 | 

570 5 


@ 


Totals... 


Average length of cycle (days) 
Standard deviation........... 
Coefficient of variation... 


during which the animals were kept under these temperatures, could be 
divided into three rather definite periods. The first of these, from No- 
vember 23 to December 20, showed an average temperature of 3°C. The 
oestrual cycles during this period averaged 6.5 days in length. During 
the second period, from December 20 to February 4, the outdoor tempera- 
tures were decidedly lower, averaging 2°C. and going as low as —12°C. 
The oestrual cycles during this period averaged 11.3 days in length, and 
during the coldest three weeks of this period (December 24—January 14), 


DAYS 
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8.3 
10.3 
| 9.0 
8.0 
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10.4 
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with an average temperature of —6°C., the cycles averaged 18.2 days 
The third period, February 4 to March 1, showed outdoor temperatures 
well on the rise again (average 10°C.). During this period the evcles 
averaged 7.6 days in length. Evidently the effects of the previous period 
persisted for some time, as otherwise cycles shorter in length than in the 
first period would be expected. During the last two weeks of this period, 
February 14 to 28, with an average temperature of 12°C., the cycles aver- 
aged 6.3 days in length. These data are given in detail in table 2. 

On March 1, when the mean outdoor temperature was well on the rise 
again, the animals were returned to the indoor environment, being placed 
with the control animals, two of each to a cage. Their oestrual cycles 
promptly returned to the normal length (average 4.8 days) again, and 
continued thus as long as they were under observation, that is, until the 
following June. 


TABLE 3 


Body temperatures (rectal) of rats under varying environmental temperatures 


NUMBER OF ANIMALS ENVIRONMENTAL TEMPERATURE RECTAL TEMPERATURE AVERAGE 


There are two possible explanations of the effects of the low temperatures 
on the cycle: a, a direct effect on the ovary; b, a secondary effect, the pri- 
mary one being on the general metabolism of the animal. It seems likely 
that both effects might be involved. That the body temperature of the 
rats, and hence the temperature of the ovarian cells, was diminished in low 
environmental temperatures, is indicated by the data in table 3. It might 
be thought that the general metabolism of the rats would increase 
in the lowered temperatures as a compensatory factor, but such is not 
believed to be the case. These animals out of doors were rather sluggish, 
spent most of the time in the nests and gained more in weight than did the 
controls exposed to higher temperatures. It seems likely that under such 
environmental conditions as these, the rat may undergo a partial or semi- 
hibernation, comparable to the condition in several of the other rodents. 
It is also likely that the oestrual rhythm of the wild rat in a state of nature 
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is much slowed down during the winter months. Long and Evans (1922) 
give 4.6 days as the average length of the oestrous cycle in their animals 
in California, while in this laboratory the average length of cycle in se- 
lected animals is 4.8 days. While this slight difference may be due to the 
climatic differences of the two regions, yet there are too many varying 
factors to warrant any definite conclusions. As other workers (Vincent, 
1926; Goto, 1923) have shown, the rat is only imperfectly homoiothermic, 
the normal body temperature varying over wide limits and roughly fol- 
lowing the environmental temperature. As a check on the condition in 
these rats, the rectal temperatures were taken a number of times during 
the course of the experiment. The results are given in table 3. The 
lowest body temperature recorded was 30.4°C., in an environmental 
temperature of —5°C. 

It is not believed that the lengthening of the oestrual cycles in the ex- 
perimental rats could be attributed to any other factor than temperature. 
Barometric pressure, of course, was nearly the same for the controls as 
for the experimentals. The relative humidity was higher out of doors 
than inside, but is difficult to understand how this factor could have any 
effect. On the chance that it might be of some importance, the controls 
were kept for one week in a room over the floor of which warm water flowed 
constantly. A hygrograph placed on the top of these cages showed an 
average relative humidity approximately 90 per cent. No effect whatever 
could be detected in the oestrual cycles. 


SUMMARY 


1. A study of the length and character of the oestrual cycle was made 
in two groups of albino rats, one series of which was kept under: rather 
constant conditions of room temperature (22°C.), while the other was kept 
out of doors during the three coldest months of the winter of 1924-25 
(December, January and February). 

2. The series under room temperatures showed normal oestrous cycles 
of 4.8 days average length throughout the period. The experimental 
animals showed cycles of the same average length as the controls during a 
preliminary period under room temperatures, and also during a final period 
indoors after being outside. During the period of exposure to low tem- 
peratures these rats showed lengthened oestrous cycles (average 8.6 days). 
The length of the cycles varied roughly with the environmental tem- 
perature. 

3. These results are interpreted as being due both to the direct effect of 
temperature on ovarian activity, and to the lowered general metabolism 
of these rats, shown by lowered body temperature and lessened activity. 
It seems likely that in a state of nature the oestrual rhythm may vary 
considerably with the environmental temperature. 
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4. The body temperature of the rats varied from 31°C. to 
pending on the environmental temperatures. 


Acknowledgment is made to Prof. R. G. Hoskins for generous sugges- 
tions in regard to these studies. 
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The manner of innervation of the skeletal muscle-fibers of the frog’s 
leg is a subject which has received widespread attention during the past 
two years. Independent experiments by Samojloff (1924), (1925), de 
Boer (1925), (1926), Fulton (1925a), Cattell (1926), Katz (1925) and others 
have developed a body of evidence which, on the whole, is indicative of 
monosegmental rather than plurisegmental innervation. 

Cattell and Stiles (1924) tabulated the tensions developed by the gastroc- 
nemius in a series of experiments. Calling the two main components of 
the sciatic nerve A and B arbitrarily, they found that A was capable of 
developing 88.4 per cent of the total tension obtainable from the muscle 
while B could elicit 83.1 per cent of the same maximum. This favors the 
inference that approximately 70 per cent of the fibers of the gastrocnemius 
have reduplicated innervation. These figures have been called in question. 
Fulton has made it apparent that the estimate is much too high. It has 
been pointed out by Hill (cited by de Boer, 1926) that the non-parallel 
arrangement of fibers in the gastrocnemius does not permit the tensions 
exerted by fractions of that muscle to be strictly additive quantities. 

In view of the situation the writer, at the suggestion of Doctor Stiles, 
endeavored to analyze the responses of muscles other than the gastroc- 
nemius. The sartorius, the first choice because of its simple structure, 
proved to be erratic as regards its sources of innervation and unsuited 
for a statistical study. In addition to a series of trials with the gastroc- 
nemius, data were secured from the triceps of the thigh and the peroneus. 
These were selected as muscles showing respectively great complexity and 
comparative simplicity in the arrangement of their fibers. 

In regard to the gastrocnemius Cattell and Stiles have stated that “the 
contractions of the muscle when all its motor nerve-fibers are stimulated are 
but little greater than when one of the strands is used alone.” They 
realized that isotonic records can not be relied on to prove this to be the 
case. Tension and not amplitude of movement must be the criterion. 
Yet they found that there was a fair correspondence between the two types 
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of experiment. It is at this point that the present writer has failed to 
arrive at the same results. She has found consistently that the isotonic 
contractions produced by stimulating the 8th and 9th roots separately 
and together are not additive but that the isometric records are much 
more nearly so. Figure 1 shows how little the entrance of the second com- 
ponent adds to the elevation of a lever already raised under the influence 


Fig. 1. Isotonie tetanic contractions of the gastrocnemius. 1. The 8th nerve is 
stimulated and then the influence of the 9th is brought to its support with little addi- 
tional effect. 2. The order is reversed, the 9th leading off and the 8th adding only 
moderately to the lift. 3. Both nerves are stimulated at once. 

Fig. 2. Isometric tetanic contractions of the same gastrocnemius furnishing figure 
1. J and 2. The tension resulting from the stimulation of one nerve is markedly 
increased by bringing in the other. 3. Both nerves are stimulated at once. 


of the first. But, in contrast with this, figure 2 shows that the tensions 
can be summated with only a moderate deficit. The same muscle fur- 
nished both these figures. If the tensions are characteristically additive it 


becomes unnecessary to assume duplex innervation upon any extensive 
scale. 


How are we to account for the discrepancy between these results and 
those of Cattell and Stiles? The probable explanation is suggested by the 
very different magnitudes of the tensions tabulated by them and by the 
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writer. The average values in the earlier study were in the vicinity of 50 
grams. Those in the present series have been near 360 grams. The gross 
difference is best accounted for by supposing that more movement of the 
tendon was permitted than Cattell and Stiles designed. Fulton (1925b) 
has shown how strikingly the tension exerted by a contracting muscle falls 
off as the spring pulled upon is made even slightly less rigid. In other 
words, the contractions designed to be isometric were not truly of that 
nature. As the rigidity of the lever is increased the indications of pluriseg- 
mental innervation become less and less impressive. 

When the data obtained in 34 experiments upon the gastrocnemius are 
averaged it appears that the highest possible estimate of the proportion 
of fibers having double innervation is 23.5 per cent. This is only one-third 
of the claim of Cattell and Stiles. It becomes a still smaller quantity and 
probably vanishes entirely when due weight is given to the non-parallel 
disposition of the fibers in this muscle. This is what we have to conclude 
from the measurements made with the peroneus. This slender muscle is 
not composed of strictly parallel fibers but it comes nearer to that arrange- 
ment than the gastrocnemius and particularly when it is moderately 
stretched. It responds to both nerve-roots and the tensions which have 
been noted are essentially additive. This to say that the observed facts 
are in accord with the belief that monosegmental innervation prevails. 

If the tension exerted by the triceps (a composite of the cruralis, gluteus 
magnus, and tensor fasciae latae) is recorded figures are obtained which, 
in the absence of other findings, might well seem to support the conception 
of reduplicated nerve-supply. There is a good response of the muscle 
mass to the stimulation of either component of the sciatic and the increase 
of the pull when the 9th root is brought to the assistance of the 8th, or vice 
versa, is slight. But here the muscle-fibers are evidently acting at wide 
angles and are imperfectly adapted for mutual reinforcement. A sufficient 
explanation of the facts may be based upon this peculiarity of organization. 

Thus, when the three muscles are compared it is clear that the more 
nearly parallel the pattern the more completely the traditional conception 
of one nerve-fiber for one muscle-fiber meets the requirements. A simple 
method of demonstrating that the two nerve-roots do not, in general, con- 
trol the same contractile elements is that of the silhouette. The writer 
had made use of it before learning of its employment by de Boer (1926). 
An image of the muscle is projected on paper. Its outline at rest is traced 
and then the form assumed when responding to tetanic stimulation of the 
8th and 9th roots in turn. The figures are decidedly unlike showing that 
each group of nerve-fibers leads to specific regions of the muscle. This has 
been found to be true of the gastrocnemius—in agreement with de Boer’s 
sketches—and also of the peroneus. 

The failure of muscles with non-parallel fibers to give an arithmetical 
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summation of tension when excited through their two motor approaches 
at the same time has an interesting corollary. It follows that such muscles 
are less efficient when all their working units are in action than when only 
a part are employed. This is just what Katz has shown by proving that 
heat production is additive for the two components though tensions are 
not. The implication is that in life it is more economical, and probably 
more usual, to employ the constituent mechanisms in alternating fashion 
rather than synchronously. 

We are not warranted in transferring conclusions based on such experi- 
ments as these to the mammal. They do not invalidate such studies as 
those of Agduhr (1916), (1919) though they make it appear desirable that 
further investigation be conducted in this field. 
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In recent studies on the dehepatized dog we have shown that the forma- 
tion of urea in the animal ceases immediately after the liver is removed 
(Bollman, Mann and Magath, 1924). This was demonstrated by the fact 
that the urea and ammonia excreted in the urine following dehepatization 
are entirely accounted for by the decrease which occurs in the urea content 
of the blood and tissues. If the kidneys are removed at the same time as 
the liver is removed, no increase in the urea content of the blood or tissues 
is found in periods as long as eighteen hours subsequent to hepatectomy 
and nephrectomy. The cessation of the formation of urea in the absence 
of the liver indicated that the liver is directly concerned with the deaminiza- 
tion of amino-acids. This is further emphasized by the fact that there is 
an increase in the amino-acid content of the blood and urine of dogs 
subsequent to dehepatization. 

However, further studies on deaminization following complete removal 
of the liver were thought advisable to determine what disposition the 
body could make of amino-acids in the absence of the liver. The magni- 
tude of the increase in amino-acid content of the blood and urine after 
hepatectomy is not sufficient, without further data, to warrant the con- 
clusion that deaminization ceases immediately following removal of the 
liver and that the amino-acids which would normally be converted into 
urea are found in the blood and urine following hepatectomy. There 
is no appreciable increase in the rest nitrogen of the blood or urine following 
hepatectomy, so that the nitrogen which normally forms urea may not be 
accounted for by the cessation of the formation of urea with the accumula- 
tion of undetermined nitrogenous products. It must be admitted then 
that no evidence of deaminization is found following dehepatization in the 
dog since no urea is found and no other nitrogenous products which could 
be interpreted as products of deaminization are found in the blood or urine 
after hepatectomy. 

The question which remains open concerns the catabolism of endogenous 
protein. Does protein metabolism cease completely in the absence of the 
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liver or do synthesis and regeneration of protein occur so rapidly that 


the products of decomposition of protein are utilized in synthesis with 
little accumulation of waste products? That neither of these views is 
correct is indicated by the fact that creatin-creatinin metabolism is not 
altered by the removal of the liver and that purin metabolism is altered to 
the extent that the destruction of uric acid does not occur in the absence 
of the liver (Bollman, Mann and Magath, 1925a). Since these two phases 
of protein metabolism are so slightly altered by dehepatization, the catab- 
olism of proteins with the liberation of amino-acids is probably also but 
little affected by this procedure. 


Sepud 1824 


Fig. 1. The curve with the broken line shows the amino-acid nitrogen of the blood 
following complete removal of the liver,O. The urea nitrogen in the blood is shown 
by the unbroken line. The amino-acid nitrogen content of the urine is shown by the 
rectangles with vertical hatching. The urea nitrogen plus ammonia nitrogen of the 
urine is shown by the rectangles with angle hatching. The height of the rectangles 
indicates the number of milligrams excreted each hour during the period indicated 
by the width of the rectangle. The blood urea nitrogen and amino-acid nitrogen are 
expressed in milligrams for each 1000 cc. of blood. 


A much simpler explanation of the observed facts is that, following de- 
hepatization, protein catabolism is unaltered with the exception that the 
deaminization of amino-acids can occur only in the presence of the liver 
and that amino acids accumulate in the tissues, blood and urine of the 
hepatectomized dog instead of being converted to urea and being excreted 
in that form as they are in the normal animal. The ready absorption of 
amino-acids by the tissues may account for the failure of excessive amounts 
of amino-acids to appear in the blood and urine. That this view is correct 
is substantiated by the data in this study which involves an analysis of 
blood, urine and tissue for amino-acid content in the dehepatized dog. 
Injections of amino-acids into these animals confirms the data obtained 
in animals without injection. 
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PREVIOUS INVESTIGATION OF THE RELATION OF THE LIVER TO DEAMINIZA- 
TION. The question of deaminization is so intimately connected with the 
formation of urea that a large amount of the facts concerning deaminiza- 
tion are to be found in the studies of urea formation. We have recently 
reviewed the literature on this subject so that it does not seem necessary 
to repeat that review at this time (Bollman, Mann and Magath, 1924). 
Accordingly, reference will be made to only a few articles which have 
appeared recently. Our review was given in presenting studies which 
demonstrated that in the dog urea could not be formed in measurable 
amounts after complete removal of the liver. The more salient points of 
these studies may be briefly outlined. Following hepatectomy in the dog, 
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Fig. 2. The curves show the effect of intravenous injections, A, of 250 mgm. of 
glycocol for each kilogram of body weight after total hepatectomy, 0. The amino- 
acid nitrogen of the blood (broken line) and the urea nitrogen of the blood (unbroken 
line) are expressed in milligrams for each 1000 cc. of blood. The amino-acid content 
of the urine is shown by the rectangles with vertical hatching and the urea nitrogen 
plus ammonia nitrogen of the urine is shown by the rectangles with angle hatching. 
The height of the rectangles indicates the number of milligrams excreted each hour 
during the period indicated by the width of the rectangle. 


there is a progressive decrease in the amount of urea in the blood and urine 
so that a few hours after operation only minimal amounts of urea are 
present in the blood, tissues and urine of the liverless animal. The total 
amount of urea excreted by these animals is only that which may be calcu- 
lated as the amount washed from the blood and tissues and is entirely 
accounted for by the decrease in the urea content of the blood and tissues. 
If the excretion of urea was prevented by the removal of both kidneys, no 
increase in the urea content of the blood and tissues could be demonstrated 
during the eighteen hours that they survived hepatectomy. The injection 
of amino-acids into these animals did not alter the findings with reference 
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to the formation of urea and no evidence of such formation could be 
obtained. 

Von Falkenhausen and Siwon (1925) have recently extended the obser- 
vations of Minkowski (1886) on the deaminization of amino-acids in 
hepatectomized geese. They injected large amounts of amino-acids into 
geese after removal of the liver and found that the amount of ammonia 
excreted by these animals was greatly increased, but that no formation of 
urea could be determined. After comparing these findings to those in 
normal geese after injections of amino-acids, they concluded that the liver 
does not play a rdle in all phases of the intermediary metabolism of pro- 
teins and that especially in the deaminization of proteins it was not con- 
cerned. With the injection of large amounts of amino-acids into the 
circulation, the production of ammonia takes place at the same rate 
whether the liver is excluded or not. On the contrary, the synthesis of 
urea appears to be an exclusive function of the liver. 

Morgulis (1925) determined the urea and amino-acid content of the 
blood at definite intervals following the ingestion of a standardized protein 
diet. He found only slight changes to occur in the well-fed animal, but 
after a prolonged fast the blood urea rose immediately after the meal 
while increases in the amino-acid content of the blood were not found until 
later. In dogs with an Eck fistula the urea changes were similar but the 
amino-acid increases were found within the first hour. He presented the 
data as evidence that the liver is the site of formation of urea, since the 
blood urea was found to rise before increases could be determined in the 
amino-acid content of the blood after the feeding of a protein meal. 

Metuops. The method of removal of the liver has been fully described 
in previous articles (Mann, 1921; Mann and Magath, 1924). The salient 
features of this method of dehepatization are: the preparatory surgical 
procedures insure sufficient circulation, both systemic and portal, after 
removal of the liver so that no other organ or tissue need be interfered with; 
the liver is removed in one piece and no trace of hepatic tissue remains in 
the animal; and the operation of hepatectomy is rapidly performed with 
little loss of blood so that recovery from the operative procedure is rapid 
and the animal appears normal shortly after the operation is completed. 
Without further procedure the animal remains in good condition for from 
three to ten hours following total hepatectomy, and by the administration 
of glucose in amounts sufficient to maintain the normal level of sugar in 
the blood, dogs are easily maintained in a normal-appearing condition for 
more than twenty-four hours after complete removal of the liver. 

Specimens of blood were obtained with a dry syringe from the jugular 
vein and mixed with powdered oxalate in dry tubes. Specimens of urine 
were collected in metabolism cages after preliminary catheterization and 
washing of the bladder. At the close of the period of collection of urine, 
the bladder was again catheterized and washed. 
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The amino-acid content of the blood was determined by the method of 
Van Slyke (1912, 1913); urea nitrogen by modifications of the Marshall 
method by Van Slyke and Cullen (1914) and by Folin (1923); and non- 
protein nitrogen of the blood by the method of Folin and Wu (1923). The 
total nitrogen of urine was determined by the method of Folin and Dennis, 
(1923) or by the Kjehldahl process; urea by the method of Van Slyke and 
Cullen (1914) and Marshall; ammonia by the Folin-Farmer procedure, 
(1923), and amino-acids of the urine by the method of Van Slyke 
(1913-1914). 


Fig. 3. The curves show the effect of intravenous injections, A, of 250 mgm. of 
glycocol for each kilogram of body weight after total removal of the liver and of both 
kidneys, OK, in dog G242. The amino-acid nitrogen content of the blood (broken 
line) and the urea nitrogen of the blood (unbroken line) are expressed in milligrams 
per cent. M indicates the urea nitrogen content of the muscles in milligrams for 
each 100 grams of muscle. Comparison of these results is made with the effect of 
bilateral nephrectomy alone, K; on the blood urea nitrogen of dog G343 without the 
injection of amino-acids. 


For the determination of amino-acid nitrogen, urea and ammonia of the 
tissues, methods similar to those of blood analysis were used. Samples of 
tissues were weighed, then immediately frozen and shaved into a mortar 
containing sharp sand. The tissues were ground to a pulp and shaken with 
water before dilution to a definite volume. The solution thus obtained 
was then treated as blood for the various determinations. Not more than 
five minutes elapsed between the time of removal of the tissue from the 
animal and the completion of its solution for immediate analysis. 

Resvutts. The amino-acid nitrogen content of the blood, urine and 
tissues has been determined in a number of dogs that survived hepa- 
tectomy from eight to thirty-four hours. Coincident with the amino-acid 
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determinations, the urea, ammonia, uric acid, creatin, creatinin and sugar 
were also determined. Following hepatectomy there was in every case an 
increase in the amino-acid nitrogen content of the blood, urine and tissues 
The increase in amino-acid excretion in the urine is subject to rather wide 
variations and is dependent on the factors influencing the excretion of urine 
Usually the hourly rate of excretion of amino-acid nitrogen in the urine 
more than doubled following hepatectomy and remained fairly constant 
so long as urine was being excreted. Due to the marked decrease in the 
elimination of urea, the percentage of the total urinary nitrogen excreted 
as amino-acid nitrogen was considerably increased. Frequently more than 
50 per cent of the total urinary nitrogen was amino-acid nitrogen in the 
urine excreted after the first twelve hours of dehepatization. The increase 
of amino-acid nitrogen of the blood following hepatectomy is also subject 
to some variation, but there is always an increase in the amino-acids of the 
blood a few hours after hepatectomy. Usually these animals show a fairly 
gradual increase in blood amino-acids so that twelve hours after hepatec- 
tomy their blood amino-acid nitrogen has increased to about 10 mgm. 
per cent from the pre-operative level of from 5 to 7 mgm. per cent, and 
twenty-four hours after hepatectomy it is about 12 mgm. percent. Anuria 
or extirpation of the kidneys simultaneous with hepatectomy produces 
somewhat greater increases in the amino-acid content of the blood. 

The amino-acid nitrogen content of the muscles is greatly increased after 
hepatectomy. The usual pre-operative level of amino-acid nitrogen in the 
muscles (from 50 to 70 mgm. for each 100 gram of muscle) is increased 10) 
to 15 mgm. twelve hours after hepatectomy and is correspondingly in- 
creased at later periods after extirpation of the liver. Animals that are 
anuric or those from which the kidneys were removed simultaneously 
with hepatectomy show a slightly greater increase in the amino-acid con- 
tent of the muscles. 

In all of these animals there was complete and persistent cessation of 
the formation of urea immediately after the removal of the liver. In those 
animals in which the excretion of urine continued, the urea of the blood and 
tissues decreased progressively. At the same time there was a progressive 
decrease in the amount of urea excreted each hour, so that after a few hours 
only a minimal amount of urea remained in the blood and tissues of the 
animal, and only minimal amounts of urea appeared in the urine. The 
total amount of urea excreted was within a few milligrams of the calculated 
amount which had disappeared from the tissues during the survival of the 
animal. The dehepatized animals that were anuric or nephrectomized 
showed no increase in the urea content of their blood or tissues, but a 
number showed slight decreases which were probably due to the exeretion 
of urea into the gastro-intestinal tract. In no case was any urea formation 
found following complete removal of the liver. 
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The absence of the formation of urea in the dehepatized dog cannot be 
accounted for by an increase in the formation of ammonia. Following 
hepatectomy there is a slight increase in the ammonia content of the blood 
and tissues. The increased ammonia content of the blood and tissues is of 
little magnitude since only about 0.2 mgm. per cent of ammonia nitrogen 
is found in the blood twenty-four hours after extirpation of the liver and 
no greater increases could be detected in the muscles. There is a marked 
increase in the excretion of ammonia in the urine immediately after hepa- 
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Fig. 4. The curves show the effect of intravenous injection, A, of 500 mgm. of 
glycocol for each kilogram of body weight after total removal of the liver, 0. The 
amino-acid nitrogen (broken line) and the urea nitrogen (unbroken line) of the blood 
are expressed in milligrams of nitrogen for each 1000 cc. of blood. M represents the 
amino-acid nitrogen content of the muscles in milligrams for each 100 grams of 
muscle. The amino-acid nitrogen content of the urine is shown by the rectangles 
with vertical hatching and the urea nitrogen plus ammonia nitrogen is shown by the 
rectangles with angle hatching. The height of the rectangles indicates the number 
of milligrams excreted each hour during the period indicated by the width of the 
rectangle. 


tectomy. Usually the ammonia excretion during the first six hours of 
dehepatization is about three times greater than normal. Subsequently 
there is a decrease in the ammonia of the urine, so that twenty-four hours 
after extirpation only 2 or 3 mgm. of ammonia are excreted each hour. 
The percentage of the total nitrogen excreted as ammonia is greatly in- 
creased, however, because of the marked decrease in the amount of urea 
nitrogen excreted. Anuric animals or animals in which both kidneys have 
been removed at the time of hepatectomy show somewhat greater increases 
in the ammonia content of the blood, but even in these animals it is only 
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about 0.5 mgm. per cent eighteen hours after operation. The total 
amount of ammonia excreted for twenty-four hours by the dehepatized 
dog is about the same as that excreted by a normal animal, and is much 
less than that excreted by control animals subjected to etherization and 
laparotomy. 
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Fig. 5. The curves show the effect of intravenous injection, A, of 1 gram of glycocol 
for each kilogram of body weight in a normal fasting animal. The amino-acid nitro- 
gen (broken line) and the urea nitrogen (unbroken line) of the blood are expressed in 
milligrams of nitrogen for each 1000 cc. of blood. The amino-acid nitrogen content 
of the urine is shown by the rectangles with vertical hatching and the urea nitrogen 
plus ammonia nitrogen is shown by the rectangles with angle hatching. The height 
of the rectangles indicates the number of milligrams excreted each hour during the 
period indicated by the width of the rectangle. 


The intravenous or enteral administration of amino-acids to dehepatized 
animals increases the amino-acid content of the blood, urine and tissues. 
Immediately following intravenous injection of amino-acids a large amount 
of the amino-acid nitrogen is present in the blood. Its concentration 
subsequently diminishes so that six hours after the injection of 100 mgm. 
of amino-acid nitrogen for each kilogram of body weight of animal, the 
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amino-acid content of the blood is only slightly greater than the amount 
usually found in dehepatized animals at that interval after operation. The 
amino-acid content of the urine is increased following administration of 
amino-acids to dehepatized animals, and of the amounts we have adminis- 
tered, usually about one-third has been recovered unchanged in the urine. 
The amount of amino-acid nitrogen which is not recovered in the urine is 
easily accounted for by the increase in the amino-acid content of the 
muscles. Administration of amino-acids to dehepatized animals causes a 
much higher concentration of amino-acid in the muscles than that which 
obtains in the uninjected animal, and is sufficiently high to account for all 
of the injected amino-acid nitrogen which has not been excreted in the 
urine. Enteral administration of amino-acids produces essentially the 
same .changes in the hepatectomized animal as are produced by similar 
intravenous injections, except that the amino-acid content of the blood is 
not raised to such a high level. 

In addition to the complete recovery of amino-acids unchanged following 
injection into the dehepatized animal, there is substantial evidence that 
amino-acids are not destroyed in the absence of the liver. The adminis- 
tration of amino-acids does not alter the urea content of the blood, tissues 
or urine of the dehepatized animal, and the entire amount of urea excreted 
during the survival of these animals is only the equivalent of the decrease 
in the urea content of the tissues after removal of the liver. Even if no 
urea is excreted following hepatectomy, the urea content of the blood and 
tissues cannot be increased by the administration of amino-acids during 
the survival of animals for more than fifteen hours. It is evident, there- 
fore, that no urea is formed in the dehepatized animal even after the 
injection of large amounts of amino-acids. Nor is there evidence of 
formation of glucose from amino-acids in the absence of the liver. Follow- 
ing hepatectomy the sugar content of the blood decreases progressively 
so that the animal develops symptoms of hypoglycemia within a few hours 
after operation and will die of hypoglycemia in from three to ten hours 
unless glucose, or some sugar which is convertible to glucose, is adminis- 
tered. The administration of amino-acids, particularly glycocol or 
alanin, is without effect in altering the course of the hypoglycemia of 
dehepatization. The administration of amino-acids to hepatectomized 
dogs is without any appreciable effect on the ammonia content of the blood, 
urine or tissues. 

The absence of changes produced by the injection of amino-acids in the 
dehepatized animal is in very striking contrast to the very rapid conversion 
of injected amino-acids to urea in the normal dog. The intravenous injec- 
tion of 1 gm. of glycocol for each kilogram of body weight greatly increases 
the urea content of the blood, tissues and urine. About 20 per cent of the 
amino-acid nitrogen is excreted unchanged in the urine within two hours 
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after injection, and more than 25 per cent of the nitrogen injected is found 
as additional urea in the urine. The increase in the urea nitrogen of the 
blood and tissues two hours after injection is about 12 mgm. for each 100 
ec. and is of sufficient magnitude to account for almost all of the amino- 
acid nitrogen injected if the urea is considered as being equally diffused 
through the tissues and allowance is made for the amino-acid nitrogen 
and additional urea excreted by the kidneys. 

Discussion. It should be emphasized that the results of these experi- 
ments are uncomplicated by factors which have influenced most of the 
studies involving exclusion of the liver. The liver was removed rapidly 
and with very little loss of blood, and the other tissues were not affected 
noticeably either grossly or microscopically. Usually within an hour after 
the beginning of the ether anesthesia, the liver had been removed and the 
anesthetic discontinued, and the dog appeared normal. In many cases the 
animal continued to appear normal for as long as twenty-four hours. We 
consider a dog normal when it walks around, responds to call, wags its 
tail, and exhibits the usual interest in other dogs and in its surroundings. 
In brief the animal appears similar to one which has recovered from ether 
anesthesia and any surgical procedure. 

It may be definitely stated that deaminization of amino-acids in the dog 
depends directly on the presence of the liver. All of the evidence we have 
obtained may not be interpreted in any other manner. In the dehepatized 
dog there is an accumulation of amino-acid nitrogen which is comparable 
in amount to the nitrogen changed to urea by the normal fasting animal. 
In the dehepatized dog there is no measurable amount of urea formed. 
The ammonia formed following hepatectomy seems to be almost entirely 
dependent on the conversion of the urea present at the time of removal of 
the liver, since the excretion of ammonia of the hepatectomized animal 
decreases greatly with the decreased amount of urea in the urine and since 
the administration of amino-acid does not alter this decrease. We have 
not been able to obtain any evidence of the formation of glucose from the 
amino-acids in the liverless dog, so that it would appear that we have been 
unable to obtain evidence of the formation of any of the products of 
deaminization in the hepatectomized animal. Following the injection of 
amino-acids into these animals we have not only demonstrated the absence 
of any of the products of deaminization but have also demonstrated the 
presence of the entire amount injected remaining unchanged in the blood, 
urine and tissues of the animal many hours after administration. Com- 
parison of these facts with the metabolism of amino-acids in the normal 
animal adds emphasis to the conclusion that no deaminization occurs in 
the dog after the liver has been removed. 

The cessation of this important part of the metabolism of the body 
permits the consideration of a number of problems concerning destruction 
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of proteins in the animal organism. It would appear that in the absence 
of the liver, body protein is catabolized at approximately normal rates 
and that the process is complete except that the liberated amino-acids are 
not deaminized and converted into urea, since the accumulation of amino- 
acid nitrogen in the blood, urine and tissues is of the same magnitude as the 
normal formation of urea. The conservation of the carbohydrate residues 
from amino-acids seems to be associated with the production of urea which 
is entirely dependent on the liver. In the absence of this process the 
respiratory quotient increases toward unity (Mann and Magath, 1924), 
which again may be interpreted as evidence of the increased carbohydrate 
metabolism which necessitates the administration of large amounts of 
glucose to maintain life in the dehepatized animal. 

Carbohydrate metabolism seems to be complete and normal in the 
dehepatized animal as is evidenced by the utilization of glycogen (Bollman, 
Mann and Magath, 1925b) and of glucose without the formation of any 
recognizable abnormal products, except perhaps a slight increase of lactic 
acid formation which may be accounted for in other ways than the failure 
of carbohydrate metabolism. In the same way we have no evidence of 
alterations in the catabolism of fat after dehepatization in so far as there 
is any accumulation of acetone bodies to indicate such derangement. The 
formation of creatin and creatinin continues at its normal rate in the 
absence of the liver so that it would seem that the liver is not concerned 
with this phase of nitrogenous metabolism. Bilirubin also continues to be 
formed in the absence of the liver. The continuance of these bodily 
functions after hepatectomy indicates both that the liver is not primarily 
concerned with the metabolism of these substances and that what changes 
are found are due to the absence of the liver alone. 

It is interesting to note that the cessation of deaminization following 
hepatectomy is concurrent with the cessation of another type of protein 
catabolism just previous to the formation of its normal end products. We 
have shown that the destruction of uric acid which is so marked in the 
normal dog is entirely lacking in the dehepatized animal, and it would 
appear that the large amounts of uric acid found in the blood tissues and 
urine of dogs following removal of the liver are probably due to the cessa- 
tion of destruction of uric acid and not to an increased production, since no 
other increases in formation of metabolic products have been demonstrated 
in these animals. In this respect there seems to be a relationship between 
the metabolism of proteins and the metabolism of purins in the mammal, 
which is so noticeably the case in the metabolism of urea and uric acid in 
birds and reptiles. The development of methods suitable for the study of 
allantoin in the blood, urine and tissues would appear to offer the means 
for the solution of many of the mysteries of purin and also of protein 
metabolism. 
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SUMMARY 


Studies concerning deaminization have been made of the blood, urine 
and tissues of a number of dogs surviving complete removal of the liver 
from eight to thirty hours. In no case could the occurrence of deaminiza- 
tion be demonstrated after the liver had been removed. That no deamini- 
zation had occurred was demonstrated by the recovery of amounts of 
amino-acids in the blood, urine and tissues of these animals in magnitude 
approximately equal to the anticipated formation of urea had the animal 
been normal. If amino-acids were injected into these animals the entire 
amount of amino-acid nitrogen was recovered unchanged in the blood, 
urine and tissues many hours after administration. In addition to this 
complete recovery of unchanged amino-acids it was demonstrated that no 
urea is formed in the absence of the liver and that the ammonia formed 
following hepatectomy is not derived from amino-acids in the body in the 
absence of the liver. It has also been shown that no glucose is formed 
from amino-acids after removal of the liver. 

The deaminization of amino-acids in the body of the dog is entirely 
dependent on the presence of the liver, since deaminization ceases com- 
pletely as soon as the liver is removed. 
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In some experimental work on the réle of insulin in carbohydrate metab- 
olism (Deuel and Chambers, 1925) and its effect on the nitrogen excretion, 
the method employed has been to inject insulin into normal dogs, thereby 
increasing its amount in the animal body. To approach the problem from 
another angle, i.e., to observe the immediate effect of depleting the supply 
of insulin in the body by removing the pancreas, the present experiments 
were undertaken. Hédon and Giraud (1920) have followed the blood 
sugar changes in dogs under chloralose anesthesia after total extirpation 
of the pancreas during periods lasting from 4 to 7 hours and have found a 
constant increase in the amount of blood sugar either at once or at the latest 
2 hours after the operation. Bang (1924) has shown a fairly even daily 
level of blood sugar in depancreatized dogs following the ingestion of 
various foodstuffs, but the operation was performed under ether narcosis, 
so the blood sugar for the first 24 hours was above 0.200 per cent. Von 
Falkenhausen (1925) has recently published work on the excretion of 
amino-acids in depancreated dogs and has given data and references on 
the excretion of dextrose and nitrogen in 24-hour periods. However, no 
previous records have been found of the simultaneous blood sugar changes 
and urinary dextrose and nitrogen elimination at frequent intervals during 
the first 24 hours after pancreatectomy, and this problem constitutes the 
subject matter of this paper. 

MetuHops. Our experiments have been performed on young female 
mongrel dogs of 8 to 12 kilos body weight. A total pancreatectomy was 
done in one operation, using a transverse incision. The pancreas was 
removed by wiping it with gauze from the duodenum and the pancreatico- 
duodenal vessels, as this method caused the minimal amount of injury to 
the blood supply of the duodenum. In only one case was any evidence of 
duodenal necrosis found at autopsy. 


1 Preliminary report, Proc. American Physiological Society, 1926, This Journal, 
Ixxvi, 205. 
2 Fellow in Medicine, National Research Council, 1924-26. 
270 


| 
b 
( 
d 
1 
n 
hi 
in 
by 
p 
Ul 
ne 
bl 
hs 
CC 
se 
Ir 
wi 
a 
an 
bl 
op 
af 
pr 
on 
m: 
sh 
ret 
su: 
do 
ab 
the 


BLOOD SUGAR AND URINARY D:N AFTER PANCREATECTOMY 


Amytal was used for the anesthetic in order to follow the blood sugar 
changes during and after the operation, for we have found (Deuel, Cham- 
bers and Milhorat, 1926), in confirmation of the earlier work of Page 
(1923), that amytal does not affect appreciably the blood sugar level. A 
dosage of 50 mgm. per kilo body weight was sufficient to give a good anes- 
thesia, from which the animal completely recovered in 10 to 12 hours. 
The dogs were fasted for 48 hours before the operation to insure a constant 
nitrogen excretion. The urine was collected hourly by catheter for 9 
hours after the operation, then in 3-hour periods until the 24th hour, and 
daily thereafter. Nitrogen was determined by the Kjeldahl method 
and sugar by the Benedict method. Blood samples of 3 cc. were 
drawn from the antibrachial cephalic or small saphenous veins at frequent 
intervals, as indicated in the tables, and the blood sugar was determined 
by the Shaffer-Hartmann method. The animals were not fed during the 
period of observation, 4 to 6 days following the pancreatectomy. While 
under the anesthetic water was given by stomach tube in the amounts 
noted in the protocols in order to prevent desiccation from influencing the 
blood sugar or urine concentration. 

EXPERIMENTAL DATA. Of the 7 dogs used for these experiments 5 have 
had the whole pancreas removed and 2 (dogs 105 and 106) have served as 
controls. In these control experiments the operative technique and ob- 
servations were the same as in the pancreatectomies with these exceptions: 
In dog 105 a laparotomy was performed and the pancreas and viscera 
were manipulated, while from dog 106 over half of the pancreas was taken, 
a piece 15 cm. long being excised from the tail and 7 cm. from the head. 
The total excised pancreatic tissue weighed 16.5 grams. 

The blood sugar data for all the experiments are given in table 1. 

A comparison of the figures before the operation with those immediately 
and one hour afterward shows that there is no significant change in the 
blood sugar level which can be ascribed to the amytal anesthetic or to the 
operation. In the laparotomy control there is a slight increase one hour 
after the operation, while in the partially depancreatized control no ap- 
preciable difference is found. Similarly, in the 5 depancreated dogs: In 
one there is a slight increase, in 2 others a small decrease, and in the re- 
maining 2 no appreciable change in blood sugar during the operation. It 
should also be noted that in the control dog 105 there is no change after 
recovery from the narcosis during the 4th post-operative hour. The re- 
moval of part of the pancreas in dog 106 caused a gradual rise in the blood 
sugar level during 9 hours after the operation from 0.079 to 0.119 per cent. 

In general the post-operative blood sugar curves of the 5 depancreatized 
dogs are similar, as is illustrated in charts 1,2 and3. The increase begins 
about the 2nd hour after the removal of the pancreas and continues until 
the 12th to 18th hour. A slight decrease in blood sugar concentration then 
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appears, followed by a further increase until the plateau at about 0.250 to 


0.350 per cent is maintained. 


This break in the curve between the 12th 


TABLE 1 


Glucose in the blood of depancreatized and control dogs operated under amytal anesthesia 


Pre-operative: 
15 minutes 


Post-operative: 
Immediately 
1 hour 


.. 
S houms........ 
hours. .....-. 
14 hours. ....... 
16 hours........ 
2) 
26 hours........ 
42 hours........ 


120 hours... 
192 hours. . 


KIND OF OPERATION 


Laparot- 
omy 


Dog 105 


per cent 


0.072 


Partial 
pancrea- 
tectomy 


Pancreatectomy 


Dog 106 


per cent 


0.074 


0.079 


Dog 101 | Dog 102 | Dog 103 | Dog 104 


Dog 100 | 


per cent per cent per cent per cent per cent 


0.118 | 0.095 | 0.078} 0.080 


.127 0.059 | 0.081 
0.081 
119 0.068 | 0.103 
0.093 
. 166 0.104 | 0.109 
0.130 
162 
0.182 
0.176 
0.156 
0.091 
0.095 
0.154 
0.174 
0.194 


0.183 
0.203 25% 


307 
347 


and 21st hours is found also to a lesser degree in control dog 105. The 
premortal rise in blood sugar which Bang (1924) observed in 12-hour in- 
tervals is more strikingly shown in 2-hour periods by dog 100 (table 1). 


om 
| | 
| | | | 
0.090 
0.082 | 0 | 0.084 
0.092 | | 0.095 
0.082 | 0 | 
0.097 | | 0.140 
0.090 | 0 
0.115 | | 0.190 
0.092 | 0.119 0.214 
0.076 | 0.118] 0 | 0.248 
0 
0.084 | 0.290 
| 0.093 0 | 0.296 
0.088 | 0.275 
0.115 | 0 
| 0.091 | 0.115 | 0 | 0.300 
| 0 
| 0.295 | 
0.112 | | 
0.105 
| } 0.228 | 
| | O 
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A concentration of 0.464 per cent is reached at 26 hours and death ensued 
within 5 hours. 

The complete data for the whole period of observation on the excretion 
of nitrogen and glucose of dogs 103, 104 and 102 are given in the protocols. 
The correlation between the rise in blood sugar and the urinary output for 


PROTOCOL 1 


Excretion of glucose and nitrogen in urine during and after pancreatectomy 


Dog 103. Weight, 12 kilos. Weight of pancreas, 19 grams 


END OF GLUCOSE | NITROGEN r 
RE 
PERIOD PER HOUR | PER HOUR D:N ratio REMARES 


1925 | | gram gram 

July 27 10:40 a.m. | 0.164 | Amytal, 50 mgm. per kilo- 

| gram, at 9:50 a.m. 

12:20 p.m. | O Pancreatectomy, 10:50 to 

11:25 a.m. 

:20 p.m. 

:20 p.m. 

:20 p.m. 

:20 p.m. | 0.225 100 ec. H:O by stomach 

tube at 4:20 p.m. 

5:20 p.m. 
:20 p.m. 
:20 p.m. | .213 | 
3:20 p.m. | 0.203 | 100 ec. H.O by stomach 

tube at 8:45 p.m. 
:20 p.m. | 

2:20 a.m. | | 0.24: Recovered from anesthet- 

ic; H,O ad lib. 


3:20 a.m. | 
5:20 a.m. | 
:20 a.m. | 
2:20 p.m. 
July 29 2:20 p.m. | 1. 298 | ( Urine contaminated with 
feces 


1:00 a.m. | 1.099 | 345 
2:05 p.m. | 1.198 | 343 
2:20 p.m. 756 273 | 3.07)* 


July 30 | 1 


July 31 1 


*D:N ratio of last portion for the period, which was collected by catheter and 
determined separately. 


the first 30 hours has been plotted in charts 1, 2 and 3. Blood glucose is 
represented in grams per 100 cc. of blood and the glucose and nitrogen of 
the urine in grams excreted per hour. The time is calculated from the 
end of the period of operation, which is marked on the charts by an arrow. 

The general reaction to pancreatectomy found in dogs 103 and 104 
(charts 1 and 2) is similar and may be described as follows: a decrease in 


t 


BLOOD SUGAR AND URINARY D:N AFTER PANCREATECTOMY 


nitrogen excretion during the operation, an initial gradual increase during 
the next 12 hours, and then a greater nitrogen elimination accompanying 
the glycosuria. About the 18th to the 21st hour the peak of the sugar and 
nitrogen curves is reached, following which there is a gradual decline to an 
almost constant nitrogen level of approximately 0.350 gram per hour. 


PROTOCOL 2 


Excretion of glucose and nitrogen in urine during and after pancreatectomy 


END OF GLUCOSE | NITROGEN 


> : D:N RATIO 
PERIOD PER HOUR | PER HOUR 


gram gram 
0 0.108 Amytal, 50 mgm. per kilo- 

gram, at 10:48 a.m 

0.091 Pancreatectomy, 11:30 

a.m. to 12:30 p.m. 

0.128 

0.195 | 100 cc. H.O by stomach 

tube at 3:55 p.m. 


100 cc. by stomach 
| tube at 5:50 p.m. 

| Recovered from anesthe- 
tic; H,O ad lib. 


0.553 
1.500 
2.016 | 
1.548 
1.362 
1.398 
0.903 
0.865 
0.824 
216 


bt bt to to & 


24-hour period after inges- 
tion of 200 grams of lean 
beef heart 


*D:N ratio of last portion for the period, which was collected by catheter and 
determined separately. 


The 2 dogs differ somewhat in the initial nitrogen rise, which is greater 
in dog 104 (chart 2), and in the renal threshold, which appears at a blood 
sugar level of 0.195 per cent in dog 103 and 0.240 per cent in dog 104. 

The more rapid excretion of sugar than nitrogen is seen in the fact that 


the highest D:N ratio occurs in the 3-hour period preceding the peak of 
the elimination of glucose and nitrogen. It is interesting to note in dogs 


\ ‘ 
| 
275 
Dog 104. Weight, 11.6 kilos. Weight of pancreas, 27 grams 
Nov. 27 11:00 a.m. 
1:00 p.m. 
| 2:00 p.m. 
| 3:30 p.m. | 
| 4:30 p.m. 0 | 0.245 
5:30 p.m. | 0 | 0.259 | 
| | 
7:30 p.m. 0 0.282 | 
9:30 p.m. 0 | 0.314 | 
Nov. 28 | 12:30 a.m. + | 0.294 | 
3:30 a.m. 0.370 | 1.50 
| 6:30 a.m. | 0.383 [ 92 | 
9:30 a.m. | 0.535 B. 77 
12:30 p.m. 0.493 14 
Nov. 29 10:30 a.m. 0.475 87 (2.93)* 
Nov. 30 5:00 p.m. 0.467 99 (2.41)* 
Dec. 1 5:00 p.m. 0.383 36 (2.51)* 
Dec. 2 5:00 p.m. 0.341 .54 (3.09)* 
Dec. 3 | 2:00 p.m 0.322 56 
Dec.5 | 3:00 p.m. 0.442 75 P| 
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104 and 102 the small amount of ‘‘extra” sugar in the urine before the 
Minkowski ratio of 2.8 is reached. In the former this totals only 2.71 
grams of glucose, whereas in dog 103, 25.02 grams of extra sugar are ex- 
creted. This extra sugar indicates the early and rapid elimination through 
the urine of the glycogen stored in the liver which has been noted by Min- 


PROTOCOL 3 
Excretion of glucose and nitrogen in urine after pancreatectomy 
Dog 102. Weight, 9.7 kilos. Weight of pancreas, 21 grams 


| | | 
END OF | GLUCOSE | NITROGEN . 

| I:N Rs 
PERIOD per HouR|PerHouR| D:N REMARES 


gram gram 
11:40 a.m. 0 Amytal, 60 mgm. per kilo- 
gram, at 9:52 a.m. 

12:40 p.m. 0 : Pancreatectomy, 10:30 to 


11:20 a.m. 


1:40 p.m. 0 . 
2:40 p.m. 23 100 cc. H,O by stomach 


tube at 2:50 p.m. 


3:40 p.m. 

4:40 p.m. 3 100 cc. H.O by stomach 

tube at 4:55 p.m. 

5:40 p.m. 

7:00 p.m. 100 cc. H,O by stomach 

tube at 7:10 p.m. 

8:40 p.m. 55% 100 cc. by stomach 

tube at 8:50 p.m. 

11:40 p.m. .05 4 2:88 Recovered from anesthet- 

ic; H.O ad lib. 

July 15 2:40 a.m. 
5:40 a.m. Urine discarded* 
8:40 a.m. 
11:40 a.m. Urine discarded* 
4:00 p.m. 

July 16 | 11:40 a.m. .978 .342 | 2.86 (3.28)t 

July 17 11:40 a.m. .882 . 36! 2.44 (2.90)+ 

July 18 | 11:40 a.m. . 224 iq 24 


* Urine collection inaccurate. See text. 
+ D:N ratio of last portion for the period, which was collected by catheter and 


determined separately. 


kowski and others. Our data in this respect do not agree with those of von 
Falkenhausen (1925) for his D:N ratios of 1.25, 1.23 and 2.70 on the day 
following the operation show no extra sugar excretion. 

The results with dog 102 (chart 3) present a somewhat different picture. 
There is a much larger and more rapid initial rise in the nitrogen curve, 
and the glycosuria appears during the 5th hour at a lower blood sugar 
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level, 0.150 per cent. A similar early glycosuria is found in dog 101 during 
the 5th hour after pancreatectomy with a threshold value of about 0.150 
per cent. The urinary data for some of the intermediate periods after 
the 6th hour, which are marked in protocol 3, are not strictly reliable in 
this dog, for, as has been noted in some dogs in other experimental work 
done under amytal anesthesia, the urethral sphincter relaxes after several 
catheterizations and the bladder contracts, making the accuracy of the 
bladder washings and urine collections for these periods questionable. 
However, a few of the reliable intermediate periods, as well as the later 
ones after recovery from the anesthetic, confirm the curves of charts 1 


and 2. 
In two control experiments of von Falkenhausen (1925), a laparotomy 
and a ligation of the pancreatic duct, there was a slight increase of about 


+ 


HOURS 


Chart 4. Dog 105 ————; dog 106 — — —. 


10 per cent in total nitrogen excreted on the day following the operation. 
Otherwise no data have been found in the literature upon a nitrogen in- 
crease after operation which might be due to the absorption of blood and 
wound tissue. To determine this and separate it from the increase in 
nitrogen due to the greater protein metabolism of the diabetes, the nitrogen 
excretion of the control dogs 105 and 106 was followed. The close paral- 
lellism between the two nitrogen curves is seen in chart 4. The decrease 
during operation is similar to that observed in the other charts. There is 
then a gradual increase which reaches a level of approximately 0.240 gram 
of nitrogen per hour after about the 12th hour. This is maintained for 
several hours and followed by a gradual decline. 

When the control curves are superimposed on the nitrogen curve for dog 
103 (chart 1) a close agreement up to the 12th hour is noticeable. With 
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dog 104 the preliminary rise is greater, but the nitrogen excretion falls 
back between the 9th and 12th hours to the same level as the controls. 
Beginning as early as the 2nd hour after operation dog 102 maintains a 
higher output than the controls. 

Discussion. Our blood sugar data obtained with amytal anesthesia 
confirm the findings of Hédon and Giraud (1920) with chloralose. When 
they operated in two stages (Hédon technique) there was an immediate 
rise in blood sugar following the extirpation of the subcutaneous graft, 
whereas when the total pancreatectomy was performed in one operation a 
delay of 1 to 2 hours was noted. Thus, all the data show that the effect 
of removing the pancreas is almost immediately registered in the blood 
sugar concentration and indicate that the body is adjusted to a constant 
and definite supply of insulin for the maintenance of its normal level of 
sugar in the blood. 


TABLE 2 
Rate of sugar mobilization after pancreatectomy in dog 104 


| 
INCREASE IN NCREASE IN | 
TOTAL BLOOD popy | TOTAL SUGAR 
POST-OPERATIVE HOURS TED IN URINE | MOBILIZED 
PERHOUR | PER HOUR 


gram gram 
0 to 3rd 0.057 0.320 
3rd to 6th 0.210 1.180 
6th to 9th 0.147 826 
9th to 12th 0.102 .573 
12th to 15th 0.126 .708 
15th to 18th 0.018 101 
18th to 2lst —0.063 —0.354 
to 24th 0.075 
24th to 48th 
48th to 72nd 


It is difficult to judge from these data whether the influence of pan- 
createctomy on sugar metabolism begins as soon as the change in blood 
sugar. The rate of mobilization of carbohydrate, i.e., the amount per 
hour which is not metabolized, might be accurately computed from the 
blood sugar changes and the urinary sugar excretion if the relationship 
between the blood and tissue sugar concentrations was definitely known. 
Palmer (1917) found in dogs that, with the exception of the liver, the sugar 
content of the various organs and tissues of the body was less than that 
of the blood. In his two cases of total pancreatectomy, however, there 
was a definite increase in tissue sugar accompanying the hyperglycemia, 
but the comparative weights of the organs are not given. Cori and Cori 


= | gram | gram 
| 0.320 
1.180 
0.826 
| 0.573 
| 0.553 | 1.253 
1.500 | 1.601 
2.016 1.662 
1.548 1.970 
1.362 | 1.362 
1.398 | 1.398 
| 
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(1925) likewise have shown in rabbits and mice during insulin hypogly- 
cemia a decrease in liver and kidney sugar, but none in the muscle or brain. 
The only available figures we have found which show both the concentra- 
tion of the blood sugar and the total tissue sugar of the body are those of 
Palmer (1917) in which he calculates the recovery of sugar after giving it to 
anormal dog. Discarding the sugar in the stomach, the ratio of total body 
sugar to blood sugar is 5.62. From this we have calculated a rough es- 
timate of the rate of sugar mobilization as follows: For the increase per 
hour in total sugar in the blood it has been estimated that the blood volume 
of the dog is 8.19 per cent of its body weight, which is the average of the 
figures given in Erlanger’s table (1921). The change per hour in total 


body sugar may be obtained from this by applying the factor 5.62. The 


change in rate of sugar mobilization per hour in 3 hour periods for dog 104 
is given in table 2. 

The rather high rate of mobilization during the 2nd period (3rd to 6th 
hour) after the pancreatectomy suggests an early effect on sugar metab- 
olism. Although a regular decline in carbohydrate metabolism is not 
indicated by the figures in table 2, the decrease after the rapid rate of the 
2nd period and before the urinary outflow of sugar appears may be due to 
the mass action effect of an increasing sugar concentration in the blood and 
tissues. 

Whether the effect on the protein metabolism manifests itself as quickly 
is not so clearly defined. Since the loss of blood and damage to tissue 
during such an operation cannot be duplicated in different animals, we 
interpret the gradual initial rise in nitrogen excretion prior to the time that 
sugar appears in the urine in dogs 103 and 104 as due to the increased ab- 
sorption of blood and tissue protein from the operation rather than to the 
increased body protein katabolism of the diabetic. This latter protein 
nitrogen is probably represented by the fairly constant level of about 
0.350 gram per hour which all of the dogs reached a day or two after pan- 
createctomy. No definite explanation at present is offered for the greater 
output of nitrogen during the period of maximum sugar excretion. It does 
not seem probable that the protein metabolism of the animal is so much 
greater at this time than later when a more constant nitrogen level has been 
reached. Perhaps the higher excretion of this period represents the initial 
effect of the lack of carbohydrate metabolism plus an output of about 
0.240 gram per hour due to the post-operative absorption. This latter 
figure gradually diminishes (control laparotomy, chart 4), thus explaining 
the decrease of total nitrogen to a more constant level within a day or two. 
From the nitrogen excretion one would conclude that the effect on the body 
protein metabolism of removing the pancreas is not immediately apparent, 
as is the case with the blood sugar, but only becomes evident about the time 
that glycosuria sets in. 
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SUMMARY 


The concurrent changes in blood sugar and the urinary excretion of 
sugar and nitrogen have been followed in hourly and 3 hour periods for 
24 hours in fasting dogs after pancreatectomy under amytal anesthesia. 

An increase in blood sugar is found to begin within the first 2 hours 
after the removal of the pancreas, indicating that there is normally a 
regulatory action on the blood sugar level due to a constant supply of 
insulin. 

The rate of mobilization of carbohydrate is calculated from the blood 
sugar changes and excretion of sugar in the urine. The results suggest an 
early effect of the lack of insulin on sugar metabolism which reaches a 
maximum in about 24 hours. 

The initial rise in nitrogen excretion after pancreatectomy which occurs 
prior to the onset of glycosuria is similar to that found in the control 
operations of laparotomy and of partial pancreatectomy and is attributed 
to the absorption of blood and wound tissue from the operation. The 
first marked reaction of the extirpation of the pancreas on the elimination 
of nitrogen is concurrent with the appearance of the glycosuria. 

The D:N ratios are highest about the 15th to the 18th post-operative 
hours and gradually decline during 2 or 3 days to approximately those 
obtained by Minkowski. This indicates the early depletion of the glycogen 
reserves through the elimination of glucose in the urine. 
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The factors that modify the rate and abundance of hair growth, while 
of much interest, seemingly have never been systematically studied. A 
search of the literature yields but meager and often conflicting information. 
Berthold (1) in 1850 and Trotter (2) in 1923 published reports that may be 
cited as typical of the contrasting results that have been noted. 

After observing hair growth for more than a year, using both linear meas- 
urement and the weight of the total hair shaved from the face as measures 
of hair production, Berthold found that: a, hair growth was greater if 
the hair was cut frequently. 6, Hair growth was more copious during the 
day than during the night. c, Growth of hair was greater in warm weather 
than during cold. 


Trotter, on the other hand, states that “despite the general opinion to 
the contrary” she finds ‘‘no effect on the growth of hair from shaving”’ and 
further that hairs growing at the average rate “were shaved close to the 
skin with the result that they continued to grow at the same rate.”’ How- 
ever, Trotter’s deductions are based upon a relatively small number of 
observations since “for each measurement the average of from three to six 


hairs was taken.”’ Likewise the table published by Trotter shows that 
in general hair grew more rapidly the first week after shaving than it did 
the second week, and more rapidly the first five weeks after cutting than 
it did during the second similar period of five weeks. This would seem to 
support Berthold’s observations. 

The present study of hair growth includes measurements made during 
the spring and summer months of two years, with many observations made 
during the course of a third year, although those of the third year were 
made at irregular intervals. All measurements noted were made upon 
hairs from the same individual since it was found that the rate of growth 
varies in different persons. However, a sufficient number of measurements 
was made from others to determine that the same general facts noted from 
the extended series apply likewise to hair growth noted in other persons. 

Since the rate of growth of hair was found to differ in the various regions 
of the face—that of the lip differing from that of the chin, and that of the 
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back of the neck from that of the scalp, etc.—it was necessary to choose 
some definite region for comparative study. The measurements recorded 
are therefore only those from the zygomatic region of the face, either the 
right or left side, or both, since these comparable regions were found to 
have the same rate of growth. The hairs to be measured were cut by shav- 
ing with a new safety razor blade, after the usual preliminary preparation 
of the beard with hot water and soap lather. Unexpectedly uniform re- 
sults were secured and in the whole series of cuttings very few were dis- 
carded because of marked variations in hair lengths in a single shaving. 
Upon microscopic examination the hairs were found to be cut at an angle 
of about 45°; the measurement being made along the central axis of the 
hair. Following the findings of Ewell (3) that in making micrometric 
measurements “‘it is best to use the lowest power that will properly resolve 
the object,’ all measurements recorded were made with a magnification of 


TABLE 1 
Showing growth rates at various periods 


AVERAGE GROWTH 


AVERAGE HOURS OTAL GROW 
3E HOU TOTAL GROWTH 


HOURS OF GROWTH 


Series 1 Series 2 Series 1 | Series 2 Series 1 | Series 2 


mm. mm. mm. mm. 

Less than 16 hours 9.83 10.46 0.2677 | 0.2545 | 0.0272 | 0.0243 
16 to 20+ 17.91 19.0 0.4282 0.3745 0.0238 0.0197 
21 to 25+ 24.33 23.9 0.5408 0.4380 0.0222 0.0183 
26 to 30+ 28.62 28.84 0.6259 | 0.5155 | 0.0217 | 0.0178 
31 to 35+ 32.00 32.8 0.6449 .5871 | 0.0201 | 0.0179 
36 to 40+ 36.9 36.31 0.6909 .6322 | 0.0186 | 0.0174 
41 to 50+ 49.0 48.2 0.8831 .7904 | 0.0180 | 0.0164 


60 diameters. Measurements were made the day following the shaving; 
the cut hairs meanwhile being washed free of the soap lather and then dried 
and mounted. For obvious reasons many more observations were made 
upon hair growth for short periods, 12 to 48 hours, than upon those for 
longer periods. However, no measurements are recorded in the chart or 
table unless based upon at least ten separate observations, while some 
averages are those of from 20 to 30 separate shavings. In each case not 
less than 25, and more commonly 50, hairs were measured and the average 
taken as the growth rate. For the purpose of comparison growth periods 
have been arbitrarily divided into groups beginning with growths of less 
than 16 hours, then those of 16 to less than 21, 21 to less than 26, ete. 

The accompanying table and graph give the results of the measurements. 
It will be noted that in the first few hours after shaving the rate of growth 
was much more rapid than the growth occurring later. As shown by the 
graph there is an almost uniform decrease in the average rate as the hair is 
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permitted to grow over longer periods. This accords with the findings of 
Berthold who found that if hair would continue to grow through the year 
at the rate found for the first 12 hours, it would attain a total length of 
53, 73 and 12 inches (under three different conditions), while if the hair 
would grow at the rate shown for the first 24 hours after cutting the yearly 
growth would be only 5, 6 and 73 inches, and finally that if the 36-hour 
rate would be maintained then the growth would amount to but 4, 5 and 63 
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Fig. 1. Showing comparative rate of growth at different periods subsequent to 
cutting. The two series represent growth occurring during two summer seasons. 


inches. Likewise the growths found in the present series would give yearly 
growth at the 10-hour period of 93 inches, at the 24-hour rate 7.7 inches, 
and at the 36-hour rate 63 inches. 

Berthold further reports that he found hair growth to be more rapid in 
warm than in cold weather although he states that ‘this observation is less 
constant.”” However, his conclusion seems quite justifiable since he found 
“that on no day in warm weather was the growth so little (weight and not 
length being the measure) as in cold and conversely on no day in cold 
weather was the growth so great as in warm.” 
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Such a difference between summer and winter growth was not found in 
the present study. A possible explanation might be the fact that the sub- 
ject from whom the measurements were made was indoors practically the 
entire time during the winter and hence temperature difference would be 
a slight factor. A more probable explanation of the discrepancy between 
the findings would seem to be that some unknown factor (e.g., diet) influ- 
enced the growth in Berthold’s series. Both the table and graph in the 
present series show that there is a difference, slight but quite uniform, 
between the rates of growth found in series 1 and series 2. Had one series 
been made in the winter and the other in the summer conclusions similar 
to those of Berthold would probably have been reached. However the 
two series merely represent the measurements made during two consecu- 
tive summers, under, as nearly as could be determined, identical conditions. 
Certainly the conditions were so similar that no satisfactory explanation 
can be offered for the variation. Likewise it seems worth noting that the 
variation given by Berthold between summer and winter was slightly less 
than 13 per cent which corresponds almost exactly with the difference 
found between series 1 and series 2 for the two summer periods. Compari- 
son of rates of growth for similar periods in March and June showed no 
marked or constant differences. Certainly the differences were less con- 
stant than those observed in the measurements for the two summer sea- 
sons. Comparative data for two winter seasons were not collected. 

One might expect that skin conditions would be more favorable for hair 
growth during the warm seasons of the year. Blood supply and cell activ- 
ity almost invariably coincide. Flexner (4) quotes Bier as stating that 
“all organs that functionate are hyperemic during activity. In every 
form of growth and regeneration hyperemia is present and in a degree 
corresponding to the rapidity and energy of the growth.’ Hence the 
obvious explanation of the more rapid hair growth immediately succeeding 
cutting would be that the increased rate was due to the hyperemia accom- 
panying the process of shaving. However repeated observations failed to 
give any support to such an explanation. Frequently but one side of the 
face was shaved while the beard on the opposite side was left uncut, but 
subjected to the same conditions, other than the actual cutting, as the 
shaved side: to both sides of the face hot water was applied, the usual 
soap lather was “rubbed in” by massage, and in every other way right and 
left sides were treated alike, except that one side was left uncut until the 
next shaving period. However this uncut side was mechanically irritated 
by use of a razor blade so dulled that actual cutting of hair did not occur. 
Without exception the uncut beard failed to show any acceleration of 
growth rate as the result of the “false’”’ shaving. 

Without citing any evidence Murrell (5) in a recent paper makes the 
statement that the rate of hair growth is “probably faster in warm weather 
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than in cold.”” One might possibly correlate this statement with another 
in the same paper to the effect that the beard on the face and upper lip is 
“obviously under the control of the gonads.’’ That there is a relationship 
between external temperature and the activity of the endocrine glands 
seems to be worthy of consideration and that in turn there may be a rela- 
tionship between hair growth and this modified action of these glands is 
quite possible although any direct evidence is lacking. 

Weil (6) in discussing internal secretions declares that in cases of “late 
castration the body hair and beard fall out; implantation of a normal 
testicle is followed by a return of hair growth. The stimulus which arouses 
the hair cells to increased activity does not reach them from the internal 
secretion of the testes direct, but appears to come indirectly by way of the 
suprarenals.”’ In another place, but not in relation to study of hair growth, 
Weil states that one might ‘‘suppose that increased outside temperature is 
associated with a change in the function of the suprarenals.” 

No such explanation can be offered, however, for the change in rate of 
hair growth that results from merely cutting the hair. Although Murrell 
(5) says that “‘the rate of hair growth has been stated to be practically the 
same at different periods of life,’ yet he again cites no references to indicate 
the weight of such a statement. Certainly Castle and Forbes (7) found 
that this was not true in the growth of hair in long-haired guinea pigs. In 
their study of the heredity of hair growth they observed that the hair 
growth of the first 100 days of the life of the guinea pig was invariably at a 
faster rate than that noted during the second 100 days, the second 100-day 
period showing a decline in rate of about 10 per cent from that shown in the 
first period. 

The growth curve of the facial hair of man closely approximates the 
growth curves shown by young animals in general. Just how mere cutting 
of the hair can serve to stimulate the growth process is an unsolved problem, 
nevertheless after each cutting the growth curve is again repeated, the 
rate being at first quite rapid and gradually slowing down. Reference to 
the table shows that if the hair continued to grow at the rate shown for the 
first 24 hours, the total growth in 100 days would be approximately 54 
mm. The longest measured period of growth in the present study was for 
38 days during which time the total growth was 15.5mm. If this rate were 
to be maintained for 100 days the total growth would be 40.8 mm. approxi- 
mately 25 per cent less than at the 24-hour rate. Furthermore, permitting 
the hair to remain uncut for a long period of time does not impress upon 
the growth process any “habit’’ of slow growth. The first 24-hour growth 
after cutting subsequent to a long growth period being but slightly less than 
the rapid rate one finds with daily cutting. 

It seems obvious that the mere severance of the hair shaft materially 
modifies the growth process. Whether this cutting serves as a stimulus 
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directly, or indirectly, by removing an inhibition can only be conjectured, 
and the present study offers no suggeston as to the mechanism by which 
the growth process is modified. 


SUMMARY 


1. In some undetermined manner, shaving serves as a stimulus to 
growth of facial hair in man; the actual cutting of the hair seems to be the 
accelerating factor. 

2. The rate of hair growth is most rapid immediately subsequent to cut- 
ting, the rate gradually lessening as the time of cutting becomes more 
remote. 

3. Although variations in rate were found no correlation with tempera- 
ture or season was noted. 

4. Apparently the hyperemic conditions which accompany shaving are 
not responsible for the acceleration of the growth rate. 
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Recent studies from this laboratory of the small intestine of the guinea 
pig, some of which have been previously reported (Henderson, 1923; 
Henderson and Crane, 1924), led to a study of the large gut being made with 
similar methods. 

The anatomy of the large intestine of the guinea pig differs so much 
from that of the better-known mammals that a few words must be devoted 
to it so that subsequent workers may be able to follow the terms used 
(fig. 1). 

The lower end of the ileum enters the cecum in its most dependent part 
quite close to where the ascending colon leaves it. The cecum with the 
appendix is long, curved upwards and across the body. This cecum is 
much sacculated with very definite haustra. The ascending colon leaves 
the cecum as a tube with a large lumen and curves immediately downward 
and again to the right and upwards and is attached by a short mesentery 
to thececum. This first part of the ascending colon has a strongly marked 
longitudinal coat extending over the free border. At first the longitudinal 
coat extends for some three-fourths of its circumference while the mesen- 
terial edge shows definite sacculations or haustra. The circumference 
covered by the longitudinal coat gradually increases till at the end of some 
12 cm. where the mesentery passes back to the abdominal wall it becomes 
complete. This forms the first part of the ascending colon, A few, 4 or 5 
em. distalwards, the ascending colon loops on itself, twice, the two loops 
being intimately joined by the mesentery. We have termed this part to 
the upper loop the second part of the ascending colon. The loops are 
narrow and almost like a kink. The length is about 10 cm. in a 250-gram 
guinea pig. The transverse colon is long, 17 em., and passes into the 
descending colon without any distinguishing characters. Some 5 cm. 
above the anus there are two not-well-marked loops. This part of the gut, 
some 15 cm. long, containing the loops, we have termed the sigmoid while 
the lower 5 cm. we have termed the rectum. 

The cecum and appendix are filled with a thin fluid mass usually brown- 
ish in color. The contents of the first portion of the ascending are similar 
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in constitution but thicker and dryer. Usually in the first loop of the 
second portion a formed fecal mass is seen which is not so firm as those 
found lower down. About seventeen to thirty-three masses are seen 
between this point andthe anus. Gas is often present in the midtransverse 
area. 

Metuops. The saline for the bath was a modified Tyrode’s solution. 
The original formulae of Fleisch (1922) and of Tyrode (1908) failed to give 
as satisfactory results as the following formula: 


per cent 


Anhydrous salts 


0.153 | 
0.016 Anhydrous salts 


0.005 | 


The buffering of this solution appeared to be less affected by the oxy- 
genation. 

1. Magnus (1904) method: short lengths 2 to 6 cm. long were suspended 
in the bath and the longitudinal movements recorded. 

2. The Trendelenburg (1917) method as modified by Henderson (1923). 

8. The Baur (1923) method. 

4. The guinea pig’s peritoneum was opened under saline and the various 
portions were allowed to float in the bath. They were kept immersed or 
were constantly moistened with saline. The movements were observed 
merely and no attempt at recording was made. A needle-like cannula was 
tied with a pursestring suture into either the cecum or into the ileum and 
warmed saline allowed to enter by gravity under a low pressure. In 
some cases the cord was destroyed from the ninth thoracic vertebra 
downwards. 

Magnus method. The first part of the ascending colon showed small 
rhythmic movements like those produced by the small intestine of the 
guinea pig. These movements were frequent, approximately 38 per 
minute, and of very small excursion. After the strips had been in the 
bath for about 50 minutes or less there was a change in that larger move- 
ments occurred. These appeared to be due to a summation of the small 
movements in different areas of the gut as the number of small movements 
decreased somewhat, in some cases to one-half, and irregularly about every 
22 to 25 seconds there was a large wave on which the small ones were 
partially evident. This summation produced the appearance of irregular 
tonus-like waves of short duration. It is not impossible that there was a 
change of tonus or the production of larger longitudinal contractions similar 
to that observed in small intestine (Alvarez, 1925). (See fig. 2, tracing 
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March 1, 1-2-3, also December 24.) A longer secondary rhythm appar- 
ently a tonus rhythm appeared also in certain cases. The period of these 
waves was about 1 in7 minutes, December 24, February 10, (February 11, 
no. 2), February 12, February 18, no. 2, see figure 3. If very short sec- 
tions of this part 2.5 cm. long were used the first nearest the cecum showed 
the smallest movements, but all sections showed the apparent segmenta- 
tion, see figure 2. Regular rhythmic movements such as are obtained 
under favorable conditions from the small intestine of the rabbit were not 


observed. 


Second Part 


GAscendens 
ends 


Pavt- 
Ascendens 


Trans veysum 


ends 


Fig. 1. Diagrammatic drawing of large gut of guinea pig 


The second part of the ascending colon containing the sharp flexure was 
very apt to kink if the mesenterial attachments were not dissected off with 
care. The rhythmic movements are larger than that of the first part and 
showed the same type of irregularity as described above. Figure 4, 
January 14, is very characteristic. In this tracing the cycle begins with a 
series of small contractions followed by what may be a slight increase in 
tonus, the excursions become larger and fewer due to summation. At the 
maximum the lever is retained at a high level for 30 seconds with smaller 
waves and then falls quickly. The cycle lasts about 3 minutes and is 
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composed of 11 to 15 contractions. Also another type is seen in which 
there is a definite tonus wave lasting about 7 minutes. 

Transverse colon. The movements of the transverse colon are not so 
marked as those of the second part of the ascending. After being in the 
bath some time the same irregular waves appear and occasionally long 
slow tonus waves. The tonus changes are then very marked (January 15). 

Sigmoid and rectum. This part of the gut is hard to wash out and the 
fecal masses have to be kneaded in order to empty it. It always shows a 
subsequent high tonus. The rhythmic movements are again smaller and 
less frequent than in the transverse, showing the same characters, sum- 
mation and slow tonus waves (February 1, 10, 15, March 8, 10). 

Trendelenburg method. On raising the internal pressure all parts of the 
gut showed a fairly sharp rhythmic response at a fairly definite pressure 
level (January 14, 18, 20) but this required higher pressures than in the 
small gut and was more difficult to produce. The response consists of 
very marked movements of the longitudinal coat which exerted so much 
force as to expel the contents and produce rhythmic waves in the volume 
recorder. The circular coat also showed movements, but rings running 
aborally and travelling the length of the section (10 cm.) were seen only 
in the first part of ascending and descending sigmoid areas. The circular 
running rings of peristalsis aided in expelling the content but did not 
occlude the lumen. Each ring as it progressed left a definite area of high 
tonus behind it since the portion of gut oral to the ring did not dilate to its 
full extent though the column of fluid through its lumen was continuous. 
This differs markedly from small intestine where a normal peristaltic ring 
which does not occlude the lumen is succeeded as it passes onward by a 
fully dilated portion above it. It will be remembered that this portion 
of the gut deals normally with dry fecal masses which do not tend to pass 
back through a ring not occluding the lumen. In the first part of the 
ascending colon the circular rings came and went but progressed aborally 
for only a short distance. In the first part of the ascending colon there 
were active movements of the haustra which are better described sub- 
sequently and occasionally circular rings which progressed orally for short 
distances. 

When the sections of the gut were set up and while the internal pressure 
was zero careful observations showed clearly the segmental contractions. 
In a strip about 5.0 cm. in length, a small portion would be seen to be con- 
tracting, there being a distinct circular contraction which lasted approxi- 
mately 10 seconds and a distinct shortening in length above and below 
this ring. Occasionally this shortening would appear to pass oralward. 
The segment of the gut would then relax and another segment, usually 
that immediately oralward, would show the same phenomenon. At times 
two segments would act synchronously and more rarely the whole strip. 
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It may be of interest to note that the flexure, the sharp bend in the second 
part of the ascending colon, showed most frequently the ring of constric- 
tion. This may be partly due to the anatomic construction of the wall, 
as the long muscle of the concave border must certainly be shorter in 
length than the convex. When the transverse colon was divided at the 
flexure and both limbs suspended in oxygenated solution, this ring of con- 
striction was not so marked as in those in which the site of flexure remained 
in the central portion of the isolated strip. In addition, we have ob- 
served that the muscle shortening which appears to travel oralward does 
so only in that portion of ascending colon which lies proximal to flexure. 

The persistaltic movements, largely produced in the longitudinal coat 
tend to show fatigue similar to that described by Henderson (1923), see 
figure 5, January 14, A and B, December 14,17. It may be noted that in 
such a fatigue group the larger movements might occur with either a 
high or a low tonus and tonus tended to fall rather than rise during the 
intervals between one group and the next. This production of fatigue 
appears much more clearly in the ascending colon and is less marked the 
lower the area studied. 

In order to gain an insight into the pressures required to produce the 
peristaltic movements in the different regions, the pressure bottle was con- 
nected to a small glass chamber from which three glass tubes of equal bore 
emerged and which were connected by rubber tubes to cannulae of the 
same bore. Only three strips were tested at any one time. It may be 
stated in general that the second part of the ascending colon responds to 
the lowest pressure (February 18), though at times the first part did so. 
The sigmoid required less pressure than the transverse but this may be 
due to the artificially high tonus produced by washing it and its movements 
were in no case so regular... The first part of the ascending when exposed 
te a pressure producing a long peristaltic group in the second part or 
transverse dilates and fatigues quickly. The pressures required are 
roughly, first part of ascending 30 mm. H.O, second part and transverse 
35, and sigmoid 32 mm. 

The effect of drugs. In all areas adrenalin (January 15, 20) 1:10,000,000 
caused an abrupt fall in tonus with very small movements. Recovery 
from both these effects was rapid. Atropin 1:150,000 caused also an 
abrupt fall of tonus and movements became smaller (December 30, Jan- 
uary 20). Pilocarpine 1:150,000 to 1:200,000 caused an abrupt rise of 
tonus with often an extreme shortening of the gut in some cases to a third 
of its previous length (January 15, 18). A similar type of response was 
seen with physostigmine. Nicotine 1:300,000 in one case produced an 
abrupt shortening followed by a lengthening of all regions of the gut to a 
greater length than before, with a slow subsequent rise of tonus in trans- 
verse and sigmoid (March 8). 
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Further, an attempt was made to employ the Baur method. In this 
case a long length of gut, 15 to 25cm. was removed and washed, an 
inflow cannula connected to the pressure bottle as tied into the oral end, 
and an outflow cannula connected with an adjustable syphon into its 
lower end, the drops of flow being recorded graphically. Consequently 
the gut could be exposed to a variable inflow pressure and also a variable 
outflow pressure. The washing out of the gut especially its lower portions 
with fecal masses was slow and the lower regions showed a subsequent 
high tonus which the upper portion was unable to overcome unless the 
pressure was made so high that this part became so dilated that it showed 
no movements. Consequently the method was modified by inserting no 
outlet cannula and not washing and shorter sections, 10 to 16 cm. long, 
were used. Even in this case the aboral end often showed such a high 
tonus that the upper portion could only force its content through the 
constriction when fresh. Sections were only used for short periods of time. 
The high tonus in the lower area seemed to be caused by handling or even 
cutting the gut and did not relax much with either adrenalin or atropin. 

First part of the ascending colon: A varied series of four different types 
were visible on raising. 

1. Haustral movements. These consisted of contractions of each haus- 
trum and consequently only the mesenterial border of the colon, and these 
haustra often contracted in succession either oral or aborally. In some 
cases the successive contraction only appeared to spread for 1 to 2 cm. 
but in other cases all haustra from the most distal one contracted insuc- 
cession to the most oral one. 

2. Circular contractions about the whole circumference which came and 
went, did not progress at all but lasted about 5 seconds. 

8. Circular contractions which appeared successively usually from oral 
to aboral end, but which each remained after its successor appeared, any- 
one of these after a series would become progressive and move aborally 
for a distance of 2 to 5 cm. Occasionally there would be seen a short 
oral movement preceding t':e aboral movement. 

4. Gentle swaying movements from side to side produced apparently 
by longitudinal muscle alone. 

In all our observations on ascending colon, it was observed that with 
pressure this part of gut took on a conical shape, the proximal end being 
distended and tapering down to the distal end which was usually more 
contracted. 

Second part of ascending, and transverse colon: These sections are 
always firm and contracted in their circular coats, particularly so at the 
flexure. Circular contractions were seen as in ascending colon. The 
progress, however, was still less marked, there being a distinct lack of con- 
tractions travelling along the flexure. Aboral movements were seen 
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frequently in the second part of the ascending limb but rarely in the trans- 
verse colon. The aboral moving contractions would travel to flexure 
sometimes followed closely behind by relaxed gut; at other times the ring 
of contraction would move along leaving a band of constriction behind it, 
reach its limit and then relax. Relaxation was usually accompanied by an 
increased flow from outlet. 

Descending sigmoid: In these two areas swaying movements due to the 
longitudinal coats were predominant but circular contractions were also 
seen. These latter, at first showed a rush-like movement but this was seen 
only at the beginning of the experiment and took the form of a circular 
contraction appearing at any part of the gut and travelling aboralward for 
several centimeters. The part of the gut from source of ring to travelling 
wave would relax somewhat but not to its full extent. When the wave 
died out complete relaxation took place. 

The most usual type seen was that of a circular contraction which 
would take place travelling from 0.5 to 4 cm. and then relax. In experi- 
ments leaving the gut unwashed and the distal end free to empty into 
bath, a marked constriction of the distal centimeter was often present, 
this probably having been due to cutting, and a resultant effect resembling 
that following a pinch. 

A phenomenon of shortening and lengthening of the longitudinal coat 
was frequently seen particularly in the unwashed gut, giving the impres- 


sion that the long coat was being pulled oralward over any contained 
fecal mass. 


EXTRACTS FROM PROTOCOLS. March 31/26, Baur method. First and second parts 
ascending colon and transverse. 
10:46. Inflow pressure 1.5 em. Outflow pressure 0 cm. 
10:48. Gut quiescent and relaxed, about 16 cm. in length. Slight constriction at 
15 em. Inflow pressure 2.0 cm. Oral end shows slight swaying move- 
ments, and circular ring formed at 0.0 em. and 2.5 em. New ring at 0.0 
which progresses to 5.0 em.; relaxation behind the ring. 

Small non-progressive circular bands throughout rest of gut. Considerable 
movement in mesenterial side of ascending colon. Marked circular con- 
striction at 12.0 em. running to 14.0 em. Marked circular constriction 
running from 10.0cm. to14.0em. Oral pressure 2.5cm. Oral end dilated. 
Frequent haustral and longitudinal movement in upper 4 cm. Constric- 
tion at 7.0 cm. extending to 10.0 cm. leaving a band of decreased diameter 
3 cm. in length. 

Progressive band of constriction rising at 2 em., deeper at 4 cm., extending 
progressively to12.0cem. Travelling band, more longitudinal than circular 
running from 1 to 5 em. followed by broad band at 7 em. running full 
length of gut leading to distal pressure of 2.0em. Marked haustral move- 
ments in first 4.0em. Swaying movements throughout rest of gut. Marked 
constriction at distal cannula. Oral end more dilated. 

11:00. Oral pressure 2 cm. Marked decrease in longitudinal tonus. Marked 
longitudinal swaying movements. Ring at 6 cm. progresses leaving band 
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of constriction from 6 cm. to 8 em., bands formed between 6 cm 
cm., 14.0 and 16.0 cm.; repeats. Wide band arising at 8 cm. wide 


extending to 10 cm. then less deeply to 13 em.: quiescence anc 
Gut dilated; marked haustral movements in first 3 em 
outlet cannula. 

11:03. Marked haustral movement in first part of ascending colon. Longitudinal 
swaying movements; running band from 6 em. to 8 cm. Running ring 
from 4 cm. to 10 cm.; movements becoming more intense; a progressive 
ring from 4 cm. to 10 cm., not deep; very shallow for 2 cm. 
flexure very dilated; below flexure constricted. 

March 26. Baur method. Ascending colon, oral pressure 2 cm. 

11:49. Gut quiescent, small circular rings here and there; one band of constriction 
about 3 cm. wide, stops flow. General swaying movements predominant 

11:53. Flow regular. Longitudinal swaying; ring about 1 em. wide at 5 cm. comes 
and relaxes, stops flow; second band to 4 em. wide, aboral to first at 10 em 
very narrow. At 4.0 cm. two rings about 4 mm. wide followed by one ring 
at 2 cm. of same width; total duration of rings about 30 seconds 

:55. Slow progressive ring from 2 to 6 cm. then fades, repeats twice. Other rings 
at 10 cm. one of which progresses 0.5 em. oralward; second ring 1 cm. aboral 
to first proceeds 1 cm. aboralward then 5.0 cm oralward. 

Numerous rings from 5 to 11 em. then a general contraction in the area, 
then a ring becomes a0.5 cm. band proceeding aboralward. Marked longi- 
tudinal contraction from 2 to 7 em. and from 11 to 15 em. more or less 
progressive aboralwards; in certain areas progresses for small distances 
oralward and repeats. At about 8.0 cm. a0.5 em. band progressing aboral- 
ward and becoming almost continuously about 8.0 cm. long accompanied 
by a spurt and then arrested flow; repeats but began at 4.0em. Various 
bands of constriction at 2, 5, 7, and 16.0 cm. causing arrest of flow. 

12:01. A circular ring at 3 cm. spreads to a wide band from 3 to 6 em. no change 
apparent from 6 to 8 cm. and aring arises at 8 em. which spreads to 12 cm 
and another at 14 cm. spreading toI18cm. This appears like a progressive 
movement which has little effect on the areas 6 to 8 em. and 12 to 14 cm. 

April 15. Intestine, in situ, under saline. Guinea pig. Urethane anesthesia. 

Cord destroyed below ninth thoracic. 

12:02. Abdomen opened under saline. Active movements in transverse colon or 
aboral running constriction. Cannula tied by pursestring suture into 
cecum. 

Slight rhythmic movements in circular and longitudinal coats of transverse 
colon, non-progressive. Transverse colon contains a certain amount of 

air. 
ec. saline run in. Rhythmic haustral movements in cecum. Caput of 
ascending colon is about 15 mm. in diameter, colon tapers to 6 mm. 

Guinea pig struggles a little. Haustral movements of cecum have ceased: 
2 ce. fluid run in. Haustral activity renewed and very marked. Small 
haustral movements in ascending colon non-progressive. 

3cc. fluid. Haustral movements of cecum very active; increased activity in 
first part ascending colon. Caput more dilated. Second part ascending 
colon and flexure shows small non-progressive circular contractions, 
successive oral movements of haustra of ascendens. Each sac gives the 
appearance of rolling over and then onwards in an oral direction. Rolling 
effect resembles the motion of eecentrically placed wheels where the move- 
ment of one part of circumference disappears into the movement of an- 
other. 
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12:21. Haustral movements of ascendens cease. 

2:27. fluid. 

2:28. Haustral movements in aboral direction. 

2:30. 6 cc. fluid. Cecum active; first part ascending colon appears patulous and 
not stretched. 

2:34. Ascending colon shows a progressive series of orally moving movements 
appearing like a shortening of both longitudinal and circular coats. De- 
scending colon shows a series of circular contractions moving aborally, 
spreading to a band as they do so, i.e., contracted oral to moving ring and 
then relaxing. 

A ring of constriction in descending colon spreading to a band with marked 
shortening. Second part of ascending colon decreasing in diameter. 
Circular rings appear, but non-progressive. Caput of ascending colon 
less in diameter, losing its patulous appearance and regaining in tonus; 
circular rings affecting whole circumference come and go; some progress 
oralwards. 

Faint haustral movements in mesenterial side. Cecal haustral movements 
becoming more marked. 

2:41. Shortening and relaxation in longitudinal coats in second part of ascending 
colon; also some slight circular movements. Very little activity at flexure. 


SumMarY. Into the cecum are passed the fluid contents of the ileum. 
In the cecum the rapid and marked haustral movements thoroughly mix 
the foodstuffs and absorb a good deal of water. From time to time the 
cecum seems to shorten, and the head of the ascending colon where it 
leaves the cecum becomes dilated and filled with a content considerably 
thicker and dryer than that leaving the ileum. The ascending colon 
greatly diminishing in diameter, shows on its mesenterial border marked 
haustral movements. These haustral movements are not continuous but 
appear in series, the series often spreading from any haustrum oralwards, 
and frequently more aboral haustra gradually take on the movements, 
until the oral movement is_running from last to first. Occasionally there 
are two shorter series of haustra acting in succession, or the haustra con- 
tract irregularly, and more rarely the succession seems to spread aborally 
for a short period of time and short distances. Circular rings also appear 
which spread more usually aborally than orally but may spread from a 
given point in both directions. Contractions of the longitudinal coat 
seem to accompany these circular rings. The rings are not deep but super- 
ficial. The longitudinal coat shows some shortening and lengthening 
and this is seen at times when there are no obvious rings. The contents 
are moved slowly throughout this area, aborally. Occasionally if there is 
much distention owing to a large amount of fluid passing into the ascending 
colon, what may be termed the peristaltic wave occurs, namely, a ring of 
contraction fairly deep spreading aborally for a longer or shorter distance, 
occasionally under extreme conditions running the full length of the 
ascending portion as far as the flexure. The travelling ring leaves behind 
it an area of high tonus. There is no distinct evidence of its being pre- 
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ceded by an area of inhibition. The contents are in this way moved to the 
end of the haustral area of the ascending colon. From time to time near 
the end of the haustral area a circular ring arises which progresses aborally 
and in some cases as far as the flexure, definitely dislodging some of the 
contents. It always seems to leave an area of higher tonus above it which, 
when the movement dies out, relaxes and the content may slip backwards 
somewhat. In some cases when a ring has progressed for several centi- 
meters leaving a narrowed tube above it, a second ring arises at approxi- 
mately the origin of the first and drives before it a small mass and passing 
along the narrowed part of the tube carries a small mass of contents with 
it. In this case it is evident that as the ring advances there is some dilata- 
tion preceding it so that the contents are carried along in a somewhat 
dilated or inhibited area. In such a movement the shortening of the 
longitudinal coat is very marked, the segment often shortening to half 
its length. At the flexure there seems to be always an area of high tonus 
beyond which is usually a firm fecal mass. This new fecal mass is formed 
just proximal to the flexure. The one beyond the flexure is slowly moved 
forward by successive waves and bands of contraction and shortening. 
It progresses very slowly. As the facts reported above have shown there 
are usually some 17 to 33 fecal masses from this point to the anus and on 
an average some 45 fecal masses are passed daily. Consequently it must 
take a fecal mass some 12 hours to pass from ascending colon through some 
40cm. of gut to the anus. Beyond the flexure the tonus of the gut is usually 
not so high. Each fecal mass distends it but the gut wall is closely pressed 
against the mass. From time to time a ring arises, often a centimeter or 
two above a fecal mass and spreads to a band which reaches the fecal 
mass and indeed seems to spread over it so that the gut wall appears thin 
over the mass, and there is frequently a shortening of the longitudinal 
coat over the mass so that the mass slips onwards. On the wave relaxing 
the mass may slip back a little. A definite though slow progress is made 
in this way. If the content of the gut be thinner or contain air, the move- 
ments often extend for longer distances from one fecal mass to the next and 
apparently in some cases over the mass and on to the next interval. Fluid 
contents of gas apparently at times slip through these advancing waves of 
contraction, but in other cases the lumen is completely occluded. Fecal 


masses may be shoved forward by such movements and come to lie against 


or be partially shoved over other fecal masses. In fact in some cases even 
when opening a pig, two or three fecal masses may seem to lie in the gut 
overlapping. In this case a ring of constriction may arise so that it 
separates these fecal masses and forces one onward for a short distance. 
The other may even seem to slip back slightly. Under extreme condi- 
tions, as in the Baur method, the fluid contained in the rings of constriction 
which widen to bands, may seem to spread very quickly for longer orshorter 
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distances, 2 to 5 cm. over the gut, and in some cases these movements 
seem to reappear 1 cm. or more beyond an area which seems to have been 
little or not affected, as though the wave skipped a bit of the gut. 


CONCLUSION 


A summary has been given of the movements occurring in the large 
intestine of the guinea pig, based on a study with various methods. Per- 
istaltic movements appeared to be irregular and did not extend over long 
distances. Fecal masses in the gut are moved forward slowly. The move- 
ments of the longitudinal coat are apparently of greater importance than 
those of the circular coat in forwarding the content of the gut. 
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The literature up to 1915-16 pertaining to the excretion of phenols 
has—from different points of view—been well covered by Folin and Denis 
(1916) and by Dubin (1916). Particular emphasis is laid upon the work of 
Baumann and his pupils (1876-86). The main facts pointed out by them 
are that 1, intestinal putrefaction is more apt to occur in herbivora (horse, 
cow) than in other types of animals, hence the phenol output is higher; 
2, results are variable regarding an increase after feeding tyrosin or phenyl- 
alanine (negative in cats, positive in man); 3, the liver plays an important 
role in conjugation of phenols; 4, increase after some days of starvation is 
thought due to putrefaction of intestinal secretions; 5, finally, Baumann 
claims that ‘‘sterilizing”’ the intestine frees the urine of phenols. 

The years 1915-16 mark a big advance in that Folin and Denis proved the 
old iodometric method very unreliable and devised a new colorimetric esti- 
mation, using a phosphotungstic-phosphomolybdiec reagent. Studying 
numerous surgical convalescents, normal persons and animals they re- 
ported: 1. Phenol excretion is much higher than older figures show, and 
is from 0.3 to 0.5 gram daily. 2. Detoxication by the liver into conjugated 
phenols is only partial; free phenols make up from 50 to 87 per cent of 
total phenols, but in infants are often relatively much higher; 7 to 20 per 
cent of the phenols—both free and conjugated—formed in the intestine 
are eliminated in the feces; the réle of the liver in conjugating phenols is 
about the same in all the mammals studied, including man. 3. Total 
phenols vary directly, though not proportionally with the protein intake. 
4. Indican often is absent when phenols are high. 5. Laxatives and ene- 
mata lead to a very large increase in products giving the phenol reaction. 

Using the method of Folin and Denis, Dubin (1916) failed to eliminate 
phenols from the urine by “sterilization” of the intestine in fasting dogs 
according to Baumann’s method, the figures for urinary phenols being but 
slightly altered on using calomel after 5 to 6 days of fasting. Thus, part 
of the phenols appear to be of endogenous origin; but Dubin also accepts 
the view that phenols are an index of intestinal putrefaction. 
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The work of Dubin and that of later investigators (primarily as quoted 
from the Chemical Abstracts) deals with the factors pertaining to the exog- 
enous origin of urinary phenols; part deals with the types of bacteria 
involved, part with the influence of proteins, carbohydrates and water, and 
part with the effects of drugs, and of pathological changes in the alimentary 
tract. The experiments cover a variety of animals. 

I. THE BACTERIA INVOLVED IN THE FORMATION OF PHENOLS. De 
Giacomo (1916) reported more phenol formation from coli bacilli of man, 
baboon and rabbit than from guinea pig and guinea fowl (pintado), despite 
much individual variation. Rhein (1917) found that phenols are formed 
from tyrosin and p-hydroxy-benzoic acid by Bacterium coli phenologenes 
isolated from human feces with indications of a degradation of the alanine 
chain and simultaneous oxidation. Berthelot (1918) describes apparently 
the same bacterium (calling it Bacillus phenologenes), which he found in 7 
out of 200 persons with intestinal troubles, but in none of 20 normal indi- 
viduals. No para-cresol formation was demonstrated. With tyrosin as 
the only organic food, B. phenologenes after two years of isolation produced 
phenols, but to a somewhat less degree than did the original cultures. 
Zieke (1921) noted that 85 per cent of his subjects—4 days to 70 years 
old—had phenol forming bacteria, mainly of the B. coli group, in their 
feces; tyrosin was used as a testing medium. Neisser (1921) states that 
all bacteria forming indole and phenols from tyrosin were found to be 
Gram-negative. Bowman (1923) reports 7 out of 32 fecal samples to 
contain phenol-forming bacteria,—all of the B. coli group. Those of 
uniform red color in the colonies formed no indole, those with changing 
hues did so easily. Hanke and Koessler (1924), using 26 stools, detected 
tyrosin decarboxylase action in 17 of these; in a series of 18 normal stools 
the same was true for 11. Seven Gram-negative organisms of the colon 
group were isolated; these formed tyramine in an acid solution and retained 
decarboxylation powers after one year of cultivation on glycerol agar. 
Two Gram-positive forms of the acidophilus group formed tyramine, but 
lost the decarboxylation power on glycerol agar after one year. They 
(1924) further observed that the colon group organisms form tyramine 
from tyrosin in acid media, but phenolsinalkaline media. The colon group 
members forming phenols from tyrosin in alkaline media formed tyramine 
if an acid condition existed at the beginning, or if it developed during incu- 
bation. Organisms not decarboxylating tyrosin did not form phenol in 
alkaline media. No relationship was found between decarboxylation 
activity and sugar splitting action of the bacteria, while some organisms 
acquire decarboxylation powers for tyrosin after growing on glycerol agar 
for some time. 

Kast, Short and Croll (1922) implanted B. acidophilus into the intestine 
but detected no decrease in urinary indican, indicating that putrefaction 
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is not influenced. Smith and Kulp (1922) did likewise and noted no 
significant changes in urinary indican and in combined phenols. 

II. THE INFLUENCE OF VARIOUS FOOD GROUPS AND OF WATER UPON 
PHENOL FORMATION AND EXCRETION. @. Moore (1917) found more 
urinary phenols in bottle-fed, than in breast-fed infants. Karr and Lewis 
(1917), using guinea pigs, produced scurvy on an exclusive oat diet, with- 
out seeing any change in the amount or the conjugation of phenols, indicat- 
ing that there was no increase in bacterial decomposition. 

b. Proteins and amino-acids: Moore (1917) agrees with Folin and Denis 
in that he found more phenols exreted when the urinary nitrogen was higher 
in the new born and infants; three times the nitrogen excretion was accom- 
panied by twice as much phenol. An endogenous source is suggested. 
Underhill and Simpson (1920), studying 3 men and 1 dog, observed that 
phenols increase with increase in protein intake; the figures were highest on 
a meat diet, lower with casein and gliadine, and lowest on a diet rich in 
carbohydrate. Gelatin gave a considerable increase (bringing indican 
down to a trace), but kidney beans only a slight augmentation. On the 
other hand, Kast, Short and Croll (1922), using the Folin and Denis 
method, report that whereas in man urinary indican parallels the animal 
protein intake, phenols show no significant changes. 

Dubin (1916) under varying experimental conditions recovered about 14 
per cent of fed tyrosin as phenols. The feces showed no unchanged tyrosin. 

c. Carbohydrates: De Giacomo (1916) noted that less phenols were being 
formed with sugar in his media than without it. Rhein (1917) observed 
that sugars fermented by B. coli phenologenes inhibited phenol formation. 
However, as stated above, Hanke and Koessler (1924) could find no rela- 
tionship between decarboxylation activity and sugar utilization by the 
bacteria in artificial media containing tyrosin. 

d. Water: Dubin (1916) noted an increase in phenols upon withdrawal 
of water from dogs. 

III. THE INFLUENCE ON FORMATION AND EXCRETION OF PHENOLS DUE 
TO NORMAL VARIATIONS IN THE INTESTINE, TO DRUGS AND TO EXPERIMENTAL 
CHANGES IN THE ALIMENTARY TRACT. a. Changes in the intestine: Dubin 
(1916) showed that intestinal obstruction increases phenol excretion and 
the ratio of combined to free phenols. Moore (1917) noted that frequent 
defecation decreases the urinary phenols in infants. Underhill and 
Simpson (1920) observed that mild constipation increases the urinary 
phenols enough to obscure dietary changes, and that in diarrhea there also 
is a greater phenol excretion. However, there is no change in the percent- 
age of conjugated phenols. Weiss (1920) found that pathological condi- 
tions primarily affecting the digestive tract are accompanied by a rise in 
the phenol excretion. Goiffon and Nepveux (1923) state that colitis 
increases phenols up to as high as 0.6 gram daily; however, the normal 
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values which they report —namely, 0.15 to 0.20 gram per day—are dis- 
tinctly lower than those of Folin and Denis. 

b. Experiments pertaining to the liver: Dubin (1916) reported that exclu- 
sion of bile from the intestine increases phenol excretion with an increase in 
the percentage of free phenols. The same author (1917) found more 
phenols after a bile-duct to ureter anastomosis, but with the same extent 
of conjugation. Roger (1916) noted that the addition of 25 per cent of 
beef bile to peptonized bouillon and feces mixture decreases the bacterial 
flora, and lowers the toxicity to one-eighth of that found in control incuba- 
tions. Pelkan and Whipple (1922) used as a measure of phenol conjuga- 
tion the ratio of an increase in free phenols to the increase in total phenols, 
and found biliary fistulae ineffective in producing any change; Eck fistulae 
reduce the ratio to one-third or even as low as one-tenth of the normal; 
the same, plus hepatic artery ligation, make it drop to 3 to 5 per cent of 
the normal; liver injury by chloroform or phosphorus poisoning give very 
slight effect if the injury is small, but make the figure approach zero in case 
of fatal chloroform injury. 

c. Observations upon the pancreas: Dubin (1916) noted that experimental 
pancreatic insufficiency increases phenol excretion as well asthe ratio of 
combined to free phenols. 

d. Effects of various drugs: Dubin (1916) gave 1 gram of phenol or of 
para cresol to 10 kgm. dogs; 65 and 40 per cent, respectively, were excreted 
as urinary phenols. Eck fistulae give about the same figures, but lowered 
excretion follows intestinal obstruction, pancreatic insufficiency, and exclu- 
sion of bile. He thought that the increase in urinary phenols following the 
administration of phloridzin comes from phloridzin itself. 

e. Miscellaneous: Folin and Denis (1916) found no evidence that any 
one disease influences the production of phenols specifically. Pelkan and 
Whipple (1922) obtained no difference in phenol conjugation by bleedings, 
nor in fatal distemper. 

We thus see that a possible endogenous origin is recognized in phenol 
excretion. As to the exogenous production the following may be said. 
Certain members of the B. coli group produce phenols from tyrosin and 
beta-alanine in an acid medium in the intestinal tract. Implantation of 
B. acidophilus does not materially influence their activity, and the most 
observers state that the addition of sugars, which the B. coli group split, 
likewise does not give significant changes. As to dietary influences, an 
increase in intake of proteins —presumably those containing the aforesaid 
amino-acids —by most investigators is reported to increase urinary phe- 
nols, though not in direct proportion. But this relation is denied by 
another group of workers who report that indican is directly influenced by 
such an increase in nitrogen. Conditions interfering with normal intesti- 
nal activity, including the activities of the pancreas and liver, influence 
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phenol production and excretion, and modify in various ways the amount 
of conjugation. 

Before discussing the data of this experiment we shall make a few 
remarks pertaining to the subject and methods used. 

The author was born in 1886. Early in 1923 an experiment was under- 
taken upon himself to determine the effects of a modified Fletcherism upon 
certain of the urinary excretions, in correlation with physiological and 
psychological tests. The data to be presented are all from the control 
period of this experiment. For several years previous he had been a lacto- 
vegetarian, and throughout the test-period no meat or fish was eaten; 
milk and water were the only drinks taken. The complete data as to food- 
intake will in due time be published. Owing to temporary illness, bro- 
mides and calcium lactate were used during the spring of 1925, and during 
this period about 3 kilos were lost in weight and new low values for phe- 
nols were obtained; during the summer of 1925 a complete vacation was 
taken in Denmark; having married, the author returned and resumed the 
experiment in the fall of that year. Data from the spring and from the 
autumn of 1925 have been omitted purposely due to the sickness mentioned 
and due to change of analyst. Miss Elva Barrow carried out the phenol 
analyses during the first two quarters, Dr. L. T. McMeekin during the fol- 
lowing six, and Mr. M. L. Spivek during the ninth. 

The method of analysis of phenols and substances reacting with the 
reagents used has been that of Folin and Denis. Urine was collected for 
four days in each week and kept in the cold (4 to 10°C.) with toluene as a 
preservative. Special precautions were taken to have the urine analyzed 
on the day that collection had ceased for we noted that standing tended 
to give lower values; thus, the sample of January 18, 1924, gave 315 mgm. 
of phenols per 24 hours, but after one week’s standing at room temperature 
only 257 mgm., and the sample of January 30, 1926, 369 mgm., but only 335 
after one week in the icebox. Consequently, the dilute standard solution 
was always freshly made at the time of analysis. From the discussion 
further on it will also be noted that the standard and the sample to be 
analyzed must be kept at exactly the same temperature at the time the 
colorimetric readings are made. Doctor Koch and Mr. Spivek also found 
that the tendency to precipitation on mixing the reagents can be avoided by 
slight adjustments of the alkalinity and sodium ion content, and at present 
we are using a standardized sodium hydroxide solution instead of one con- 
taining sodium carbonate. Duplicate analyses were made throughout, 
and the average is reported. 

The nitrogen analyses were carried out by the author, using the macro- 
Kjeldahl method; in most cases the figure is the mean of triplicate analyses, 
but in some only of duplicates. The actual number of defecations per day 
is given. 
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TABLE 1 
Total urinary phenols per 24 hours 
Each figure is the average per day for a 4-day sample, except that of August 
27, 1924, which is of a 3-day sample only. 


NITROGEN 
DEFECATIONS 


URINE 
PHENOLS 
URINB 
PHENOLS 
TOTAL 
NITROGEN 
DEFECATIONS 


TOTAL 


| 
grams . ce. mgm.| grams 


ce. 
1230 | February 1....| 895 | 373 

940 8....} 1040 | 334 

1340 | 5: 15....| 985 | 357 
May, 4.........| 1040 | : 22....| 865 | 372 
810 44 days 980 | 360 
765 148 days 1105 | 420 
1135 
720 
995 


3 
3 


~ 


1120 | 342 
1085 | 369 
005 | 4 | 1090 | 363 
1540 920 | 346 | 11.14 
2.........} 1010 | 372 | 12.34 
- 940 | 410 | 12.35 
1130 | 875 | 455 | 11.76 
Seas 1420 1010 | 379 | 11.30 | 
August 3...... 1075 
940 930 | 460 | 12.50 
1410 1325 | 456 | 12.66 
1620 | 426 7 1220 | 501 | 11.85 
40 days 1165 ¥ 1210 | 485 | 12.16 
a 735 | 476 | 10.60 
October 12..... 1030 1020 | 396 | 12.39 
19.....] 1335 .....| 1330 | 381 | 11.07 
lan 1180 7 880 | 431 | 10.42 


November 2...| 1430 31 rs 1085 | 449 | 11.75 


16...| 1455 
93...| 1285 October 10.....} 1060 | 311 | 12.42 


November 7...| 970 | 397 | 11.2 
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920 oe 7 394 | 10.56 
970 


28 days 955 | 353 | 11.00 
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TABLE 1 


ATIONS 


| URINE 
PHENOLS 
DEFE 
PHENOLS 


ee. | mgm. 
January 2 | 885 | 305 3 Janvary 9 
745 | 285 | 11.54 16 
| 1100 | 307 : 23 
935 | | 52 | 30 
| 1150 | 31! 9.{ February 20 
February 6....} 1040 | 287 | 5 | 27 
oo 20 | 318 | 11.87 | 40 days 
40 days 
127 days 


December 5...| 


26... 


The reasons for breaks in the records are vacations, accidental losses of 
urine, work done on other phases of the problem or upon the technique of 


the analyses, and temporary illness. 

The preceding table shows that although the level for 1923 is higher than 
that for 1924, yet, within each year we find nearly 120 mgm. more phenols 
excreted per day during the summer than during the winter; the inter- 
mediate figures for the spring and autumn might have been more similar 
had not September been vacation-month. A combination of both years 
gives: 

Spring, 60 days; average 411 mgm. 

Summer, 71 days; average 463 mgm. 

Autumn, 60 days; average 388 mgm. 

Winter, 84 days; average 345 mgm., or for 3 winters, 
124 days, average 353 mgm. of phenols. 


As to the cause of such a seasonal variation we at first thought that the 
analyses were carried out at somewhat higher temperatures during the 
summer, and that this might be a factor. Tests showed that a standard 
set at 20°C. compared with a similar standard set at 30° gives an increased 
color in the latter equivalent to a 20 per cent error; however, a certain 
sample gave 333 mgm. of phenols at 30°C. and 338 at 20° when compared 
with the same standard at the corresponding temperatures. We always 
kept the standard and the unknown at the same temperature so this error 
was not introduced. 


305 
x 
1925 
1155 | 391 | 11.98 
1435 | 417 | 12.74 
1665 372 13.20 
1465 | 369 11.78 
1290 | 347 | 12.26 
1160 | 333 | 12 46 
1420 | 367 | 12.66 | 1.8 
i525 | 349 | 13.59 | 
sor | as 9 970 
1585 374 | 13.36 | 
1305 | 333 | 12.86 | 
1625 | 388 12.40 
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Secondly, the records of the winter 1925-26 demonstrate that although 
a higher nitrogen excretion may tend to be accompanied by somewhat 
higher phenol values, it is not the main factor. This may also be seen by 
comparing the 60 days during 1924-25 and during the winter of 1925- 
26 in which the nitrogen was above 12.15 grams per day with the 59 days 
of the same period during which it was below 10.93 grams per day; the 60 
days give an average of 12.65 grams of nitrogen with 387 mgm. of phenols, 
whereas the 59 days give 10.48 grams of nitrogen and 354 mgm. of phenols. 
Likewise, nothing definite may be concluded from the urinary volumes, nor 
from the number of defecations per day. 

Furthermore, we have no evidence that with the diet employed one 
ingests more phenol-forming bacteria during the summer than the winter, 
neither that the pH, nor the temperature within the intestinal lumen 
differs markedly with the season. 

Finally, we may consider the seasonal difference in the intensity of sun- 
light. Doctors Koch and Reed found that in about two-thirds of the dogs 
which they studied, an exposure to ultra-violet light gave higher figures 
for substances of probable phenol character in the blood, which substances 
reacted with the uric acid reagents of Benedict and of Folin. Also, since 
tyrosin is acted upon by sunlight to give melanins, and by bacteria to give 
phenols, it may be of interest to investigate if the extra sunlight is the cause 
of the higher phenol excretion during the summer. 


SUMMARY 


Records for two years show that phenols run about 120 mgm. higher per 
day in the urine during the summer than during the winter, with interme- 
diate figures for the spring and fall. 

Higher nitrogen excretion may in any one season tend towards a little 
higher figures for phenols, but it is not the main factor. In view of the 
findings of Doctors Koch and Reed that exposure of dogs to ultra-violet 
light in many cases gives rise to higher ‘‘uric acid”’ figures in the blood, and 
since tyrosin is a mother substance of both phenols and melanins, the 
greater exposure to sunlight during the summer may be a cause of the 
higher phenol excretion during that season. 


The author wishes to thank Professors F. C. Koch and A. J. Carlson for 
their assistance and interest in this problem. 
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Investigations on cardiac reactions to different substances have shown 
that the behavior of the isolated heart may be profoundly affected by 
changes in the Cy of the perfusate. This was pointed out in a recent com- 
munication (1) from this laboratory, and, as stated in that report, previous 
observers obtained similar results. To these should be added the observa- 
tions of Clark (2) on strophanthin and the more recent studies of Andrus 
(3) dealing with the action of adrenalin and other substances on the isolated 
auricle of the rabbit’s heart when suspended in media differing in the con- 
centration of hydrogen ions. 

Evidence has also been adduced indicating that the pressor action of 
drugs may be affected by changes in the Cy of the blood. Collip (4) stated 
that the effect of adrenalin on blood pressure was different when injected 
after acid or alkali, and one of us (5) showed that this treatment likewise 
modified the action of nicotine on the circulation. As far as we know, 
the effect of drugs on the heart in situ when changes in the Cy of the blood 
were artificially induced by the intravenous injection of acid and alkali, 
was not investigated before. 

The subject has been receiving attention in this laboratory for some time, 
the present report being the first communication of these studies. 

Metuops. The experiments were performed on 15 cats, 5 dogs and 
2 rabbits. Urethane given intraperitoneally, 1.5 grams per kilo, was em- 
ployed as the anesthetic for cats and rabbits. Dogs were given chloretone 
in oil, 0.25 gram per kilo, but in some of these animals, this was occasion- 
ally supplemented by 10 mgm. morphine sulphate per kilo. The contrac- 
tions of the heart were recorded by attaching a thread to an ordinary heart 
lever, and to the auricle and ventricle, usually the right in cats and dogs, 
but to the ventricle only, in rabbits. If properly carried out, excellent 
tracings may be obtained by this method. Artificial respiration was given 
throughout the experiment, and was instituted at the time the chest was 
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opened. The pH of the blood was determined by Cullen’s method (6 
which was carried out, briefly, as follows: 

Five to 8 cc. of blood were drawn by means of a cannula from the carotid, 
less frequently from the femoral artery, or sometimes blood was also ob- 
tained directly from the heart with a hypodermic syringe. The centrifuge 
tube into which the blood was collected contained a few cubic centimeters 
of mineral oil and was coated with a sufficient amount of neutral potassium 
oxalate to make a concentration of 0.3 per cent. As soon as the necessary 
amount of blood was obtained, the tube was stoppered and centrifuged for 
five minutes. According to Cullen (7) and corroborated by Myers, 
Schmitz and Booher (8) little change in the Cy of the blood occurs when 
centrifuged under these conditions. 

The protein error was diminished by diluting with freshly prepared 0.9 
per cent saline made up with redistilled water. Since, as shown by Cullen 
(9), no further change in color occurs by diluting between 1:20 to 1:40, 
we selected 1:30 as our optimum and made the necessary correction ac- 
cording to Cullen, and Hastings and Sendroy (10). The pH of the blood 
plasma was then ascertained colorimetrically. Sdérensen’s phosphate 
standards were prepared from Merck’s special reagents in steps of pH 
0.05 from pH 7.00 to 7.80. The determinations which were made at 20°C. 
were corrected to body temperature according to Cullen’s formula. Solu- 
tions of chemically pure sodium acid phosphate and sodium carbonate were 
used for the intravenous injections. The phosphate was given in con- 
centrations of 2 to 5 per cent, the former being administered to cats, the 
latter to dogs. Carbonate was used in concentrations of 1.3 to 5 per cent 
for cats; dogs were given 5 per cent solutions only. One per cent caffeine 
was used in all the experiments. The effect of the vagus mechanism also 
received attention in these experiments, in some of which the tests with 
caffeine and acid or alkali were made with vagi intact as well as after double 
vagotomy. 

Resutts: When caffeine was injected into different animals, shortly 
after the introduction of an effective dose of alkali into the circulation, 
cardiac depression was usually observed. The amplitude was considerably 
decreased in both auricles and ventricles and lasted from a few seconds to 
several minutes. The effect was very striking when heart action was 
greatly stimulated by carbonate. Even asmall dose of caffeine, 4 or 5 mgm. 
per kilo, which stimulated the heart in the normal animal, sometimes 
promptly reduced cardiac activity to a marked extent. In some experi- 
ments, the force of the contractions was decreased by one-third or even 
one-half. But occasionally this effect would subside and within one or 
two minutes, was followed by a considerable increase in the strength of the 
beat, the amplitude showing a considerable gain (about 20 per cent) as 
compared with that observed before the injection of caffeine. If a suffi- 
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Fig. 1. Experiment 509. Cat, weight, 2 kilos. A. Tea milligrams caffeine per 
kilo after small dose of sodium carbonate stimulated the ventricles and slightly 
depressed the auricles. The preliminary depression of the ventricles by caffeine 
was probably due to the rapid injection. B. The same dose of caffeine administered 
with acid, although more slowly than in A, produced cardiac depression. Note that 
the effect on the auricles was greater than on the ventricles. Reduced one-third. 
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cient interval was allowed between the administration of alkali and the 
subsequent injection of caffeine, stimulation was, on the contrary, pro- 
duced. This effect was obtained even with a dose which caused depression 
in untreated animals. In other words, a true reversal of action could be 
noticed, the amplitude was increased and the frequency was likewise 
augmented, though this was not always very pronounced, amounting in 
some instances only to 6 per cent. However, the increase in rate was 
considerably greater in other experiments when caffeine was given in this 
condition. The results obtained in cats may be briefly given as an illus- 
tration. One cubic centimeter of 1 per cent caffeine was injected 25 
seconds after 4 cc. of 5 per cent sodium carbonate. The auricles and ven- 
tricles which were greatly depressed by the excessive dose of alkali were 
promptly arrested when caffeine was injected. No contractions were 
visible in the auricles for several minutes and the ventricles were inhibited 
for 22 seconds. However, recovery occurred and 25 minutes later caffeine 
was injected again, likewise preceded by carbonate, but the interval be- 
tween injections was 4 minutes instead of 25 seconds as before. Entirely 
different results were now obtained, the ventricles were promptly stimu- 
lated by caffeine, the effect steadily increasing and at the end of one minute, 
the number of contractions was 57 per minute, as compared with 33 per 
minute before caffeine. After a slight preliminary decrease, the amplitude 
of the contraction gained 50 per cent. The acceleration as well as the 
force of the ventricular contraction continued to increase until the num- 
ber reached 93 per minute and the amplitude showed an additional gain of 
30 per cent. 

That caffeine when given after alkali may stimulate the heart provided a 
proper interval between the injection of the two substances be allowed, 
was demonstrated in another experiment on a cat in which two doses of 10 
mgm. per kilo each were given 53 minutes apart, 2 and 4 minutes after 
carbonate. It may be mentioned in this connection that this amount of 
the drug usually produced decreased cardiac activity when given without 
previously administering alkali or acid. The frequency of the contractions 
was increased 20 to 25 per cent, and the amplitude of the ventricles was 
increased to about the same extent. Of considerable interest in this con- 
nection is the fact that the blood pH obtained 3 minutes after the in- 
jection was 7.48. 

That the response of the heart to caffeine depends upon the Cy of the 
blood was also studied in dogs. Indeed, very striking results were some- 
times obtained in these animals. The stimulation produced by the injec- 
tion of sodium carbonate was in most cases promptly reversed upon the 
intravenous injection of caffeine when this was made within a short time 
after the alkali was given. In one experiment 5 mgm. caffeine per kilo 
injected one minute after the administration of 5 cc. of 5 per cent sodium 
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carbonate decreased the frequency and amplitude of the contractions 
whereas carbonate or caffeine alone, when injected into an untreated 
animal, stimulated the heart. The amplitude of the contractions was 
sometimes reduced 80 per cent or more when this dose of caffeine was given 
soon after carbonate. The pH of the blood obtained after carbonate and 
before caffeine was, in one instance, 7.73. Similar results were obtained in 
other experiments in which the same or double the amount of caffeine per 
kilo was injected shortly after or together with carbonate. The strength of 
the beat was invariably reduced, though its frequency was not materially 
affected. In most instances the rate was unchanged, that is, it was the 
same as before but actually less than after alkali, signifying that heart 
action was slowed, since we often found that carbonate accelerated heart 
action in dogs. The rate was increased 50 per cent by carbonate, but when 
the same amount of carbonate containing 30 mgm. caffeine (about 5 mgm. 
per kilo) was administered, the frequency was increased from 96 to 102 
per minute, or a little over 6 per cent. In the same experiment, 2 cc. of 
5 per cent carbonate were followed 45 seconds later by 3 cc. of 1 per cent 
caffeine (5 mgm. per kilo) the rate before carbonate was 132 per minute, 
after carbonate 162 per minute, about one minute after caffeine 132 per 
minute. But the amplitude was decreased 25 per cent within 20 seconds 
after caffeine. In one instance only was considerable acceleration observed 
when the two substances were given together. The number of contractions 
per minute in this case was increased from 84 to 108 per minute without 
changing the amplitude. We are unable to explain this very exceptional 
result. It is barely possible that a considerable amount of acid had accu- 
mulated in the tissues at the time of this injection which was made about 
5 hours after the dog had been under narcosis, the amount of alkali admin- 
istered not being able to sufficiently incréase the pH of the blood. 

If caffeine is given a few minutes after alkali or after a longer interval, 
entirely different results may be obtained. The effects described above 
were usually absent. There was generally either stimulation, manifested by 
quickened heart beat or increased amplitude or, rarely, both. In a fair 
proportion of the tests, we observed that improved heart action may be 
preceded by increased diastolic action while systolic action was unchanged. 
In some cases, on the other hand, caffeine failed to produce any alteration 
in the cardiac activity when given a considerable time subsequent to the 
administration of carbonate. 

Examples may be cited to illustrate the different results obtained. Ten 
milligrams of caffeine were given in one experiment 8 minutes after car- 
bonate. The frequency of the beat increased about 6 per cent (from 96 to 
102 per minute), while the amplitude was increased 12 per cent. The pH 
of the blood obtained 40 seconds after the injection of caffeine was 7.48. 
When this experiment was repeated on another dog, substantially the same 
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results were obtained, though the intervals between the injection of car- 
bonate and the subsequent administration of caffeine were 40 and 25 
minutes. Stimulation was considerably greater when an interval of 25 
minutes was allowed, the increase in frequency being 28 per cent, while 
after 40 minutes, the increase in frequency was 9.9 per cent. Particularly 
interesting were the results obtained in one experiment, as we were able 
to show in this case that the increase per se of the interval between the 
injections of alkali and caffeine was not the cause of the stimulation pro- 
duced by caffeine. We found that though caffeine was given 12 minutes 
after sodium carbonate, heart action was greatly depressed, only feeble con- 
traction being executed by the heart for a period of 18 minutes. The pH 
of the blood drawn a few seconds before caffeine was injected was 7.83. In 
order to decrease the alkalinity of the blood, several injections of 5 per 
cent sodium acid phosphate were given. Ten milligrams of caffeine per 
kilo caused intense stimulation, the rate of the beat being increased about 
35 per cent, the amplitude of the ventricle showed a gain of nearly 50 per 
cent, the auricular amplitude was augmented about 30 per cent. The pH 
of the blood 70 seconds later was 7.53. When the injection was repeated 
25 minutes later, the frequency as well as the force of the contraction in- 
creased again, but not quite to the same extent as after the previous 
injection. The blood obtained ten seconds before caffeine showed a pH 
value of 7.58. Increased alkalinity of the blood, however, does not always 
increase the effect of caffeine on the heart. We found in another experi- 
ment that though the blood pH was 7.53, 10 mgm. caffeine per kilo caused 
a slight decrease in the force of the contractions without changing their 
frequency. This was probably due to the weak response of the heart to 
caffeine in this experiment when the pH of the blood was normal, for we 
noticed that its effect in normal animals determined the changes it pro- 
duced when the pH has been increased. 

Numerous observations were also made with caffeine and acid. When 
the concentration of the hydrogen ions of the blood was increased, small 
doses (4 to 5 mgm. per kilo) of caffeine administered to cats either produced 
no effect or the force of the contractions was decreased without altering 
their frequency. The results obtained with larger doses of caffeine (10 
mgm. per kilo) and the same amount of acid were sometimes very striking. 
This was especially the case when the two substances were given together 
or their administration was separated by a brief interval. The heart was, 
under these circumstances, dilated and in some experiments the contrac- 
tions became very feeble, the amplitude being reduced to a fraction of its 
size before the injection or complete inhibition of the heart occurred in 
which case several minutes elapsed before the contractions returned. The 
frequency of the beat was not greatly affected by caffeine when given either 
with or shortly after acid. It appeared that in most experiments the rate 
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of the contractions was in a couple of minutes the same as before acid was 
introduced into the circulation. Control tests made by injecting the same 
amounts of acid of the same concentration and with the same speed, but 
without caffeine, have shown that heart action is moderately slowed. The 
frequency was reduced in some experiments 10 to 20 per cent while the 
amplitude was usually also moderately diminished. Less frequently it was 
observed that when the relaxation of the heart was very marked the ampli- 
tude was sometimes greater than before the injections. Caffeine reduced 
the strength of the contractions in these experiments 60 to 75 per cent 
and caused complete cardiac inhibition in others, which lasted several 
minutes. Determinations of the concentration of hydrogen ions of the 
blood is of particular interest in this connection. It was found that when 
the pH value was decreased by 0.2, caffeine produced marked depression, 
the effect on the auricles being greater than on the ventricles. If the 
alkalinity of the blood was still further reduced, heart action ceased and 
sometimes failed to recover. But when the blood pH was decreased about 
0.1 to 0.15, caffeine depressed the auricles but not the ventricles. Indeed 
transitory stimulation was produced by caffeine in one animal in which the 
pH of the blood was only moderately decreased below normal. 

In observations on the behavior of caffeine in dogs when the concen- 
tration of hydrogen ions was increased by the intravenous injection of 
sodium acid phosphate it was found that the results were slightly different 
from those obtained in cats. In no case was complete inhibition observed 
when caffeine in doses of 5 and 10 mgm. per kilo was given within a short 
period after acid. It may be added that no striking changes occurred when 
the two substances were administered in the way described. Acceleration 
of the recovery from the effects of acid was the only effect which was ob- 
served in one experiment in which 5 mgm. caffeine per kilo were given. 
The pH of the blood in this case, drawn one minute after one injection of 
caffeine, preceded by acid, was 7.18. When the same test was repeated 
in this experiment the pH of the blood obtained 50 seconds after caffeine 
was 7.03. Depression was observed in another experiment with 10 mgm. 
caffeine per kilo given one minute after acid. Ina third experiment 5 mgm. 
caffeine per kilo injected half a minute after 10 ec. 5 per cent sodium acid 
phosphate increased the force as well as the frequency of the contractions 
but when this amount of caffeine was given together with the same amount 
of acid as in the previous injection the change was negligible which may 
be explained by the decreased alkalinity since we found that repeated 
injections of acid retard the recovery of the alkalnity of the blood. It 
is evident, therefore, that the effect of reduced alkalinity of the blood 
on the action of caffeine is different in cats and dogs. 

Although only two experiments were performed on rabbits the results 
obtained are of sufficient interest to be included in the present report. It 
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was found that heart action was greatly depressed even by small doses of caf- 
feine injected into the circulation before the administration of acid or alkali 
was begun. A dose of 2.7 mgm per kilo reduced the amplitude of the con- 
tractions 45 per cent in one experiment and 25 per cent in the other. But 
the injection of this amount of caffeine with 5 cc. 2 per cent sodium acid 
phosphate was without any effect on the heart. When the dose was 
doubled and given 25 minutes later the amplitude was decreased 70 per 
cent, the rate remaining the same as before the injection. The pH of the 
blood drawn 4 minutes later was 7.23. When the same dose was repeated 
23 minutes later, 3 cc. 5 per cent sodium acid phosphate having been given 
3 minutes before, the depression was absolutely and relatively less than 
after the preceding injection of the same amount of caffeine. From ob- 
servations on cats we would expect that the Cu of the blood would be 
greater after the later injection. Somewhat similar results were obtained 
in the other experiment with acid and caffeine. It is true that the rabbit 
was extraordinarily sensitive to caffeine when the pH of the blood was 
increased above normal, provided however, that the dose of caffeine was 
not too small. We found that 2.7 mgm. caffeine per kilo given 5 minutes 
after the injection of sodium carbonate was without effect but repetition 
of the dose 4 minutes later caused prolonged weakening of the heart. 
The pH of the blood obtained 2 minutes after the injection was 7.38 or 0.12 
more than at the beginning of the experiment, before the injections were 
begun, which is lower than is generally found in rabbits, but this was 
probably due to their diet, as they had been fed oats for several weeks. 
The alkalinity of the blood was, therefore, appreciably above normal 
at the time of the injection. It seems that the rabbit heart is more 
sensitive to caffeine in the presence of increased alkalinity than increased 
Cn if the concentration of the drug in the circulation is not too low, which 
would explain the negative results obtained with a small dose of caffeine 
when given soon after alkali and the cardiac depression when the same 
amount was given 4 minutes later. 

Illustrations of cardiac reactions in cats and dogs under the conditions 
described are furnished by the following experiments from which unessen- 
tial details have been omitted. 


Experiment 509, April 9, 1926. Cat, male, weighing 2.5 kilos was anesthetized 
with urethane given intraperitoneally. When narcosis was complete artificial respi- 
ration was instituted, the chest opened and the auricle and ventricle connected with 
heart levers. The pH of the blood drawn from the right carotid artery a few minutes 
before injections were begun was 7.38. A few minutes later 2 cc. 1 per cent caffeine 
were injected into the femoral vein. The amplitude of the contractions of the 
ventricles was decreased approximately 37 per cent, but was followed by gradual 
recovery and at the end of 3 minutes the contractions were stronger than before the 
injection, the amplitude being 25 per cent greater than before caffeine. The effect 
on the auricles was similar although the depression was somewhat less than of the 
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ventricles. The rate of the heart was not changed by caffeine. The next injection 
of caffeine, the same amount, was made 15 minutes later and 7 seconds after the in- 
jection of 12 cc. 2 per cent sodium acid phosphate the same amount of acid having 
been given 2 minutes previously. The amplitude of the contractions of the ventri- 
cles which was 36 mm. before and 26 mm. after acid, was reduced to 12 mm. im- 
mediately after caffeine was injected. The amplitude of the auricles was similarly 
affected, but not to the same extent. No change in the rate of the heart was pro- 
duced by caffeine. The pH of the blood half a minute after caffeine and 37 seconds 
after acid was 7.28 or 0.10 less than before the injection of acid was begun. Recovery 
of the heart was complete in 2} minutes. Half an hour after the last injection of acid 
its administration was resumed. Forty-eight cubic centimeters 2 per cent acid 
were given in divided doses, 20 mgm. caffeine being added to the last dose of acid. 
The contractions of the auricles stopped promptly after the last injection. Though 
the ventricles continued to beat, the contractions were feeble, slow and occasionally 
also irregular. Recovery was considerably delayed for the depression could be ob- 
served 20 minutes later. The same amounts of acid given before and after caffeine 
also produced depression but it was considerably less than the combined effect of 
both. The Cy of the blood one minute after this injection of acid and caffeine showed 
a pH value of 7.28. During the next 50 minutes a number of injections of sodium 
carbonate were made in amounts of 1 to 3 cc. When the same dose of caffeine as 
before was given 12 seconds after the last injection of 2 cc. 5 per cent carbonate, 
depression of the ventricle occurred lasting a few seconds, followed by well-marked 
increase of the force of the contractions, the amplitude being 50 per cent greater than 
before. The contractions of the auricles were slightly weaker than before carbonate. 
It may be observed that the total amount of caffeine injected would be sufficient 
under normal condition to depress, if not paralyze, the heart if acid were given 
instead of alkali. 

Experiment 514. April 15, 1926. Cat, female, weight, 3 kilos. Urethane 1.5 
grams per kilo injected into peritoneal cavity, artificial respiration with the chest 
opened, right auricle and ventricle attached to recording lever by thread. Blood 
drawn from right carotid, pH 7.33. Several minutes later 3 cc. 1 per cent caffeine 
were injected into femoral vein (no acid or alkali given before). This promptly 
depressed the heart, the amplitude of the auricles was decreased 75 per cent, the 
ventricles showed a diminution of 25 per cent the effect lasting nearly 1 minute, but 
the rate remained the same. The next injection of caffeine, the same amount, was 
made 68 minutes later but during the interim 3 doses of 10 cc. each of 2 per cent 
sodium acid phosphate were given intravenously, the third injection being made one 
minute before the caffeine. This injection of caffeine proved to be even more de- 
pressing than the one previously given, especially on the auricles as they were first 
inhibited for about half a minute following the injection. Although the contrac- 
tions returned they were very feeble for several minutes. As before, the rate of the 
heart was not affected by caffeine but irregularity of the heart was occasionally 
observed. The effect of increased Cy on caffeine was tested again after an interval 
of 30 minutes to ascertain the influence of the vagus mechanism. An injection of 
10 ce. 2 per cent acid was given, both vagi divided and 15 minutes later a similar 
amount of acid was administered and caffeine given one minute after that. Although 
depression likewise occurred after this, the third dose, the effect on the auricles 
was much less than after the previous injections, while the ventricles even showed 
transitory stimulation, which was followed, however, by a decrease in the force of 
the contractions. The blood drawn 2 minutes after the injection of the acid and 100 
seconds after caffeine had a pH value of 7.33. These tests were controlled by admin- 
istering the same amounts of acid without caffeine. Both auricles and ventricles 


318 WILLIAM SALANT AND J. ERNEST NADLER 


showed lessened force of contraction, no significant difference in the effect of either 
being observed. The influence of carbonate on the action of caffeine was now tested 
as follows: Six cubic centimeters 5 per cent sodium carbonate were given intra- 
venously in divided doses in 4 minutes, the last injection being followed within two 
minutes by 3 ce. 1 per cent caffeine. This increased the rate of the heart from 96 to 
120 per minute. The amplitude of the ventricles was augmented approximately 
20 per cent. Less regularly the auricles also responded, at times by a considerable 
increase in the force of their contraction. The pH of the blood 4 minutes after this 
injection of caffeine was 7.48. The favorable influence of increased alkalinity of the 
blood on caffeine was also observed when the same dose was given 53 minutes later, 
though the total amount now was 50 mgm. caffeine per kilo. It should be stated 
in this connection that the pH of the blood in this case was probably above normal 
since tests made in this laboratory have shown that recovery from increased alkalin- 
ity is very slow, which was corroborated in this experiment as blood obtained 4 min- 
utes after this injection of caffeine showed a pH value of 7.38, this being somewhat 
greater than the initial pH in this experiment which was only 7.33. 

Experiment 522. Dog, male, weight 11.5 kilos. Chloretone, 0.25 mgm. per kilo, 
dissolved in olive oil and injected into the peritoneal cavity. When anesthesia 
was complete, chest was opened, phrenics and vagi were divided, the right auricle 
and ventricle were attached to recording lever. Eight cubic centimeters of blood 
drawn from the right carotid showed a pH of 7.41. Six cubic centimeters 1 per cent 
caffeine injected 2 minutes after the blood was obtained increased the amplitude 
of the ventricles 32 per cent The auricles showed no change in the force of the 
contractions. Rate of the heart was increased from 162 before to 186 after caffeine 
or nearly 15 per cent. The effect of caffeine lasted fully 3 minutes. The next dose 
of caffeine of the same amount was injected 11 minutes later and 1 minute after the 
introduction of 10 cc. 5 per cent sodivm carbonate; another injection of the same 
amount of carbonate given 3 minutes previously greatly increased the heart action, 
but caffeine reduced the force as well as the frequency of the contractions, the effect 
persisting for some time, 1 minute after caffeine the rate was decreased 11 per cent. 
Caffeine was again administered 33 minutes later and was given 8 minutes after the 
second of two doses of carbonate (amount of both 16cc.). The pH of the blood one 
minute before this injection was 7.48, caffeine in this case produced a moderate in- 
crease of the force of the contractions of the ventricles and a slight increase also of 
the auricles. The rate of the heart was increased from 96 to 102 per minute. This 
test was repeated later but caffeine was given 66 seconds after 12 cc. sodium carbonate. 
The acceleration and the much increased force of the contractions due to the carbon- 
ate were promptly abolished. The amplitude of the ventricles was reduced 50 per 
cent, that of the auricles somewhat less and the frequency of both was decreased 25 
per cent. The condition persisted about 2 minutes when slight improvement was 
observed. The pH of the blood drawn a few seconds before was 7.68. 


Discussion. The varied and seemingly contradictory results described 
above appeared to be very difficult of explanation at first, but a closer study 
of the matter suggested several possibilities, some of which, we believe, 
deserve consideration. 

The stimulation produced by caffeine when the pH of the blood is 
slightly increased and the depression which it causes when the alkalinity 
is decreased recalls the reversal of action obtained by Snyder and his 
collaborators (11), (12), (13) with adrenalin when the pH of the perfusate 
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is changed, increased concentration of hydrion favoring inhibition and the 
opposite condition favoring stimulation by adrenalin. Corroborative 
evidence of the inhibitory action of adrenalin when the pH of the perfusate 
was decreased to 6.5 was also obtained by Salant and Johnston (14) while 
the more recent investigation on the isolated auricle of the rabbit’s heart 
by Andrus (15) shows that adrenalin is less effective when the pH of the 
surrounding fluid is decreased to 7.0 than when it is appreciably above this. 
Additional examples of reversal of action of different substances may be 
found in Bayliss’ General Physiology, 1924, p. 482. 

While the mechanism still awaits decision it is nevertheless evident that 
at least some drugs exert their action on the most sensitive mechanism or 
tissue and in the direction of synergism (16). These considerations explain 
the depression produced by caffeine after acid and the stimulation which 
occurs when the drug is given in the presence of a slight increase of pH of 
the blood above normality. But it has also been observed that caffeine 
greatly depresses the heart when it is given shortly after large doses of 
alkali, when the pH is thus considerably increased. It may be recalled 
in this connection that carbonate greatly increased cardiac activity, for 
acceleration as well as increased force of the contraction occurred. Since 
the hydrogen ion concentration of the muscle cell is considerably increased 
under these conditions, the action of caffeine is similar to that observed 
when the pH was decreased by acid. 

It was sometimes found that excessive amounts of carbonate depressed 
the heart, the contractions becoming feeble and very slow, in fact the de- 
pression was greater than was observed after considerable amounts of acid. 
Caffeine in this condition abolished the contractions in one case for 22 
seconds. As the asphyxia which occurs under these conditions would in- 
crease the Cy of the blood, the case is similar to that when caffeine was 
injected after acid. 

Increased Cy within the cell would also explain the depression normally 
observed after caffeine in cats and rabbits, as the contractions of the hearts 
in these animals are very rapid and thus favor the formation of acid. 

Emphasis has already been laid on the greater depression of caffeine on 
the auricles than on the ventricles, which occurs when it is injected after 
acid as well as after alkali. The greater rate of conduction in the auricles 
than in the ventricles may be of interest in this matter (17). Loeb (18) 
has shown that the speed of conduction in gelatin and albumin varies 
directly as the Cy of the solution. If this also holds for heart muscle the 
case would be analogous to those already discussed. 

Another observation which needs explanation is the occasional failure 
of caffeine to stimulate the heart in the presence of a slight increase of pH. 
Emphasis has been laid upon the fact that this usually occurred when the 
response of the heart to the initial dose of caffeine was poor. The anes- 
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thetics used may be an important factor, for as is well known, they 
greatly depress oxidation which in turn increases the Cy of the tissues. 
It was precisely in one experiment, on a dog, in which the pH was less than 
was usually observed that the heart responded very poorly to caffeine. 

Of particular interest is the observation that in cats stimulation pro- 
duced by caffeine after the injection of sodium carbonate was sometimes 
preceded by depression. As this usually occurred when the drug had been 
administered some time after the alkali was given, but not long enough for 
the Cy to return to normal, the depression was, in all probability, not due 
to an excess of alkali but to the high concentration of caffeine which reached 
the heart. As the drug was distributed in the circulating blood and was 
probably also partly eliminated the effect was equivalent to that of a 
smaller dose, which in the presence of the increased pH of the blood 
exerts stimulation. 

Attention may also be called to the effect of caffeine when given to 
animals which had received acid as well as alkali. The drug was often far 
more effective when an excess of alkali was corrected by a small amount 
of acid. This was probably due to a better adjustment of the pH of the 
blood so that the optimal concentration of the hydrion was more readily 
established. 


SUMMARY 


1. Disturbance of the acid base equilibrium of the blood modifies the 
effect of caffeine on the heart in different animals. 

2. When the pH of the blood is increased above normality by 0.15 to 
0.20 caffeine stimulates the heart, but when the alkalinity is increased 
beyond these limits caffeine produces depression, which is much greater in 
dogs than in cats. A moderate increase in pH may cause depression of the 
rabbit’s heart even when small doses of caffeine are injected. 

3. Caffeine also depresses the heart when the pH of the blood is below 
normal. A decrease of 0.15 was sufficient to produce this effect. De- 
pression was much greater when the alkalinity was still further reduced, 
though the pH was not under 7.0. 

4. Caffeine depresses the auricles more than the ventricles both when 
alkalinity is excessive as well as when the Cy is increased. 

5. Increased Cx of the blood in dogs was less effective in modifying 
the action of caffeine on the heart than in cats. 

6. Medium doses of caffeine stimulate or produce no effect, and larger 
doses depress the normal heart in cats. These amounts stimulate the 
normal heart in dogs. 

7. The response of the heart to caffeine in normal conditions is a factor 
in determining the action of caffeine when the pH is moderately increased. 
The change produced by an increase is inappreciable when the normal 
heart is not greatly affected by caffeine. 


CARDIAC REACTION TO DRUGS AND Cy, OF BLOOD 


8. The mechanism of the action of caffeine under the conditions de- 
scribed was discussed. It was suggested that acid sensitized the inhibi- 
tory and alkali the augmentor mechanism of the heart and that caffeine 
acted on the mechanism which was sensitized most. Increased Cy within 
the cell was stressed as a factor determining the depression produced by 
caffeine in the conditions described as well as in normal animals with 
naturally rapid hearts. 
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The possible relation of the suprarenal cortex to growth and metabolism 
suggested a study of the effects of feeding extracts of the cortex on the 
body weight, body temperature and respiration rate cf adult pigeons sub- 
sisting on a normal diet and on a polished rice diet respectively. 

Five groups of twelve birds each were observed. They included birds 
on the following diets: A normal, B normal plus cortex extract, C complete 
fasting with free access to water, D polished rice and E polished rice plus 
extract. 

The extracts were prepared by extracting the cortical portions of fresh 
beef adrenal glands with 95 per cent ethyl alcohol for 24 hours, evaporat- 
ing the filtrate to dryness in an air current and subsequently extracting 
the residue with distilled water in such proportions that 1 cc. cf the extract 
represented one gram of the original fresh gland tissue. 

These extracts were administered to the respective birds by mouth in a 
dosage of 2 cc. per day from the 21st to 30th day, and 1 ce. per day from 
the 36th te the 45th days, and again from the 51st to the 53rd day. Each 
pigecn therefore received the equivalent of 35 grams of fresh adrenal cortex 
during the period studied. The experiments were terminated on the 78th 
day, when all cf the rice birds had died. During this period, the body 
weight, body temperature and respiration rate were noted at approxi- 
mately 3-day intervals. 

it has been recorded by other investigators (Chossat, 1843;Schimanski 
1879; Rogers, 1919) that starvation is accompanied by a fall of body 
temperature and a slowing of respiration rate, but the publications which 
we are able to find do not give a comprehensive picture of the progress of 
these changes. As this is of importance for judging the effect of measures 
in which more or less fasting is incidental, it appears advisable to present 
in figure 1, C, the normal curves that were observed with these pigeons. 
The parallelism of the three functions is quite striking. 
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The addition of the extract to the diet in the dosage used had no definite 
influence on the observations made, i.e., the respiration rate, body tem- 
perature and weight curves of those birds receiving the cortex extract in 


z= 

4 


| 
B2HK 


Fig. 1. The letters A, B, C, D and E refer to separate groups of 12 pigeons each 
on the following diet: A, normal diet; B, normal diet + adrenal cortex extract; 
C, fasting + water; D, polished rice; E, polished rice + adrenal cortex extract. 

The curves represent the median data for each of the above groups. 


addition to their diet consisting of polished rice, Z, or normal whole grain 
ration, B, did not differ from their respective controls subsisting cn the 
same diet (A and D) w:thout the extract. 
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The animals cn the rice diet, D, as well as the rice and extract diet, E, 
showed the usual sharp fall in body weight, as well as a similar drop in 
both the respiration rate and body temperature. Fifty per cent of both 
groups developed polyneuritis and died at the usual time, i.e., 20 to 28 
days. The course of the phenomena observed was characteristic and quite 
similar, in the two groups of animals studied, irrespective of the adminis- 
tration of the extracts of the suprarenal cortex. 

The complete failure of suprarenal cortex extract to protect the pigeons 
against the polyneuritis or the starvation phenomena of rice disease, shows 
that such extracts do not contain appreciable quantities of water-soluble 
vitamin B. It is interesting to recall that Emmett and Luros (1919), 
showed that the adrenal gland is also devoid of fat-soluble vitamin A. 


CONCLUSIONS 


1. In fasting pigeons, the body weight, temperature and respiration 
rate decreases progressively to death, by essentially parallel curves. 

2. In pigeons placed on an exclusive polished rice diet, these functions 
also descend by essentially similar, although more gradual curves. 

3. The polished rice curves of all these functions are entirely unaffected 
by the oral administration of alcohol-water soluble extracts of adrenal 
cortex, corresponding to large quantities of the gland, and extending over 
long periods. The occurrence of the phenomena of rice polyneuritis and 


of fatality was also entirely unaffected by these extracts. It is therefore 
concluded that the adrenal cortex does not contain or store B vitamin. 

4. The feeding of the extract likewise has no effect on the weight, tem- 
perature or respiration rate of pigeons on a normal diet. 
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A review of the literature reveals that satisfactory proof of a humoral 
mechanism for external pancreatic secretion is wanting. As a matter of 
fact, the most recent evidence has seriously questioned the existence of 
such a mechanism. 

All of the investigators that have worked on this problem up to the 
present time have had as their chief aim the solution of why and how acid 
in the intestine stimulates the pancreas. 

Bekker working with Pawlow (1893) found that water saturated with 
carbon dioxide gas would stimulate pancreatic secretion. This observa- 
tion directed the attention of Pawlow to the effect of mineral acids. Do- 
linski (1894), who ‘indertook the investigation, found that hydrochloric 
acid is a poweiiul excitant of pancreatic secretion when allowed to enter 
the intestine,—a fact that has been amply confirmed by many investiga- 
tors. Popielski (1901) on the basis of results following various operative 
procedures, concluded that a peripheral reflex mechanism was concerned 
in acid stimulation of the pancreas. Wertheimer and Lepage (1901) 
accepted Popielski’s explanation, but added that the reflex diminished with 
descent down the intestine, disappearing in the last few feet of the ileum, 
and that atropine did not abolish the effect of the acid. Popielski, and 
Wertheimer and Lepage also found that acid injected into the circulation 
had no effect on the pancreas. 

These observations attracted the attention of Bayliss and Starling, who 
(1902) proposed the secretin theory for external pancreatic secretion chiefly 
on the basis of two observations. First, they found that when acid is 
applied to an alleged denervated loop of the upper jejunum the pancreas 
secretes. Second, they found that acid extracts of the duodenal and 
jejunal mucosa contain a substance called, by them, secretin, which excites 
the pancreas to secrete when injected intravenously. 


1 Preliminary report and demonstration given at the Meeting of the American 
Physiological Society, Cleveland, December, 1925. 
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Several investigators have repeated the experiment of Bayliss and 
Starling on the denervated loop. Wertheimer (1902) and Luckhardt 
(1922) obtained confirmatory results, but expressed doubt as to the com- 
pleteness of the denervation. Popielski (1902, 1907) reported that he 
obtained negative results if the pylorus was ligated; and believed that 
positive results, when obtained, are due to mechanical factors which have 
an effect on the movement of the contents of the stomach and duodenum, 
this exciting the pancreas reflexly. Fleig (1903) also obtained negative 
results. He suggested the possibility that secretion might be formed in the 
denervated loop on injecting acid into it, but not absorbed into the blood. 
Other factors that might cause the pancreas to secrete when acid is intro- 
duced into the denervated loop, not considered by the above investigators, 
are: .a, that application of acid to the mucous membrane of the denervated 
loop might indirectly change the blood flow through the pancreas by other 
means than through reflexes and thereby augment its secretion; and b, 
that the strength of the acid used (0.4 per cent) might be considered ab- 
normal and any result obtained might be unphysiological. Therefore, 
it is obvious that the results of the denervated loop experiment—called 
by Bayliss and Starling a crucial experiment—are not crucial and should 
only be considered as suggestive. 

The significance of the second observation of Bayliss and Starling, viz., 
that acid extracts of the duodenal and jejunal mucosa contain a specific 
substance which excites the pancreas to secrete, has been seriously ques- 
tioned. That this substance was not specific for the pancreas was main- 
tained by Popielski (1902, 1907), other glands being stimulated by it, 
e.g., the liver and salivary glands. Further, a substance which excites 
the pancreas has been found in many animal tissues other than duodenal 
and jejunal mucosa as held by Bayliss and Starling, and even in plant 
tissues (Babkin, 1914; Popielski, 1909; Luckhardt, Henn and Palmer, 
1922; Matsuoka, 1923; Dobreff, 1924), which shows that “secretin” is 
not specific as to origin and possibly kind. Although this ubiquitous oc- 
currence and lack of specificity of a substance, or substances, which excites 
the pancreas does not necessarily argue conclusively against the physiologi- 
cal significance of secretin, it engenders grave doubt. 

Another observation which has cast further doubt on the secretin theory 
is that when secretin solutions are injected into the portal vein, they have 
little or no effect until, as Plummer, Deuel and Cowgill (1924) have found, 
the liver becomes saturated (Djenab, 1917; Halliburton and de Souza, 
1921; Matsuoka, 1923; Lim and Ammon, 1923; Cowgill and Deuel, 1924). 
This fact tends to rule out the physiological significance of secretin, since 
the latent period of acid stimulation of the pancreas is so short (3 to 6 
minutes); unless secretin is produced rapidly and in sufficient quantities 
to saturate the liver in a few minutes. However, it must be kept in mind 
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that since secretin solutions are impure, it is still possible that pure secretin 
might pass through the liver without being altered or removed from the 
blood. Also, secretin may enter the circulation via the lymph of the 
thoracic duct. 

Attempts have been made to demonstrate the presence of secretin in 
the circulating blood. Wertheimer and Lepage (1902) and Fleig (1903 
found that if the pancreas was excited by injecting various substances into 
an isolated loop of jejunum, the venous blood from this loop when injected 
into another animal caused secretion. They presented other evidence 
which led them to state that in acid stimulation of the pancreas, a periph- 
eral reflex mechanism was concerned as well as a “‘secretin’’ mechanism. 
Enriquez and Hallion (1993) reported one experiment in which they ob- 
tained a similar result from the injection of carotid blood. These investi- 
gators did not perform control experiments, did not state the amount of 
blood transfused, and did not test for compatibility. Popielski (1907), 
however, found that the injection of blood from a “‘control’’ dog with a 
non-secreting pancreas would cause the pancreas to secrete. This was 
also found to be true sometimes for gastric secretion by Ivy, Lim and 
McCarthy (1925). Matsuo (1913) obtained “‘fairly satisfactory”’ positive 
results in four out of eight experiments in which he did a carotid-to-jugular 
acute cross-circulation, obviously an unphysiological type of cross-circu- 
lation. (He cannulated the pancreatic duct of both of the cross-circulated 
dogs, applied acid to the duodenum of one, and observed the effect on 
pancreatic secretion of the other.) Matsuo cited the results of only one 
experiment. If his experiments had been more physiological, the positive 
result would have certainly constituted unequivocal evidence. Hedon 
(1910) stated in an article in which he recorded a method for cross-circula- 
tion, that Fleig had performed a cross-circulation using his (Hedon’s) 
cannula method, in which the pancreas of a second animal was caused to 
secrete when acid was injected into the duodenum of the first. Luckhardt 
(1922), using a syringe-cannula method, obtained negative results in two 
experiments on cross-circulating a secreting with a non-secreting animal. 
This lack of uniformity of results is not surprising in view of the results 
obtained by Ivy, Lim and McCarthy (1925) in attempts to demonstrate a 
humoral mechanism for gastric secretion by blood transfusion and cross- 
circulation experiments. 

It is to be noted that all investigators have directed their entire attention 
to the proof of the secretin theory and have failed to consider the possi- 
bility that secretagogues in food, or resulting from digestion, might con- 
stitute the humoral agent. 

No one, as far as we have been able to ascertain, has considered the possi- 
bility that a pancreatic auto-transplant might be used to determine whether 
or not a humoral mechanism is concerned in the external secretion of the 
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pancreas. That such a transplant secretes was observed by Hedon (1898), 
by Lagnesse (1902), and by Thirloix (1892, 1892a, 1895). They failed to 
attach any significance to the observation, and others have also overlooked 
this important fact. 

In this paper we report evidence that proves unequivocally a humoral 
mechanism for pancreatic secretion, the evidence being obtained from a 
subcutaneous transplant of the tail of the pancreas. 

Mertuops. The tail of the pancreas was transplanted subcutaneously 
as described in the preceding paper of this series (Ivy and Farrell, 1926). 
The transplant was proven to be entirely subcutaneous by the method of 
pheumoperitoneum. 

TABLE 1 
Secretion of a transplanted portion of the pancreas after the ingestion of a meal 
Dog 2 


TIME LIPASE, PER | TRYPSIN, Cc. 


PROCEDURE 


AMOUNT LA 
o’CLOcK cENT ACID | N/10NaOH 


§ 


Before the meal 


$88 


t 


After the meal: 300 grams 
of meat, 150 grams of 


bread, 300 cc. of milk 


— 
no 


The secretion was collected by attaching with celloidin a small funnel 
made out of a test-tube to the shaven skin about the fistula. A small test- 
tube (5 cc.) was fastened to the funnel with laboratory wax. This method 
made it possible for us to collect a clear, uncontaminated secretion with 
ease. 

The organic and inorganic solids were determined by accepted quantita- 
tive procedure, ignition being done at low temperature. 

When analyzing for trypsin content, we activated each 0.5 cc. of the 
secretion with 0.2 cc. of enterokinase solution. The enterokinase solution 
was made by grinding 30 grams of intestinal mucosa in 100 cc. of water and 
filtering, the filtrate being kept under toluol and made up fresh about every 
two weeks. At first, we used Mett’s tubes—coagulated eggwhite—with 
0.5 ce. of juice and 10 ce. of 0.3 per cent sodium carbonate solution; but 
discovered a variation of 50 per cent in this method. We changed our 
method to the formalin titration method, which proved to be very satis- 
factory, the error of variation being not greater than 10 per cent. The 
formalin titration method was performed as follows: to 10 cc. of a casein 


j 
| 
| | | 
| ce. 
0.8 | — 
(| 46 2.4 0. 
|| 68 2.6 0. 
8-10 2.7 0. 
}| 10-12 3.8 0. 
12-1 | 4.0 0 
1-3 3.6 0 
| 3-5 4.2 0.08 
5-8 3.2 0.16 | 
| 
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solution (20 grams casein, 170 ec. N/10 NaOH, made up to 500 ce. with 

distilled water) was added 0.5 cc. of juice, 0.2 cc. of enterokinase solution, 

and 0.2 ce. of toluol. This mixture was incubated at 40°C. for three, or 

twenty-four hours, depending on the experiment at hand; and then 10 ce. 

of neutral formalin (slight pink tinge with phenolphthalein) was added and 
TABLE 2 


Secretion of a transplanted portion of the pancreas after the ingestion of a meal 


Dog 1 


TIME LIPASE, PER | TRYPSIN 
ouN 
PRECEDURE O'CLOCK j AMOUNT AMYLASE CENT ACID N /10 NaOH 


Control 


Meal: 300 grams meat, 150 
grams bread, 300 cc. milk. 
Water at 11:00 


TABLE 3 
Secretion of a transplanted portion of the pancreas after the ingestion of a meal 


Dog 3 


| TIME | LIPASE, PER | TRYPSIN, 06 


PROCEDURE AMOUNT AMYLASE cENTactip | N/10NaOH 


| 
cc. 


Control 0.16 


0.08 
0.04 
0.04 
0.02 
0.06 
0.08 
0.08 
0.08 


for) 


Meal: 300 grams meat, 150 | 
grams bread, 300 cc. milk 


Cr or 


WWW WwW to 


the mixture titrated with N/10NaOH. A control tube without juice was al- 
ways set up and the amount of alkali required to titrate it was subtracted 
from the result obtained for the tube to which juice had been added. 

The ethyl butyrate method for lipase proved to be quite satisfactory. 
We used 2 cc. of ethyl butyrate (absolute), 2 cc. of distilled water, 0.5 ce. 


{ 
a.m, | ce 
gsi | 1.2 0.22 0.25 6.8 
p.m, 
| 1-4 3.0 | 0.14 0.42 7.8 
4-6 3.0 | 0.12 0.38 7.6 
| 68 3.0 | 0.12 0.42 8.9 
8-10 3.0 | 0.14 0.30 10.0 
| sa | om | om | 
| a.m. 
| 12-2 46 | 0.12 | 0.33 6.3 
| 2-4 4.7 0.16 0.30 3.7 
| 46 4.0 | 0.16 | 0.36 4.8 
68 | 40 | 0.12 0.41 8.3 
| 032 | 4.0 
‘| 46 a | | 0.34 12.3 
| 6-9 [i | 0.35 11.3 
| 9-12 | 0.39 9.0 
| 12-2:30 | 0.42 8.9 
| 45:30 | | 0.45 4.2 
| §:30-8 | | 0.44 | 3.8 
| 89:30 | | | 0.44 | 3.3 
. { 


TABLE 4 
Secretion of a transplanted portion of the pancreas to a meal of different foods 
Secretion collected for 6 hours after the meal. Dog 1 


| | | 
| | | TOR- 
| | | LIPASE, | TOTAL | neo 
PROCEDURE AMOUNT | AMYLASE| TRYPSIN |PERCENT| sotips | “*? 


| ASH IN 
acip | | 


October | 300 grams lean meat | 
19 
20 
21 
22 


23 


76 | 

-49 | 0.027 | 0.005 
0.025 | 0.0065 
| 0.030 | 0.010 
| 0.034 | 0.005 


Average 


October | 100 grams starch plus | 
26 180 ce. of water 


cron 


28 
29 


30 


Average 


November | 50 cc. olive oil plus 
130 ec. of water 


Qo 


| 


300 grams lean meat 


aaa 


on 


0.36 | 0.028 
0.48 

0. 43 | 
0.64 | 0.027 | 0.0031 
0.46 


100 grams starch plus | 
180 ce. of water 


for) 


Average 


0.47 | 0.027 | 0.0035 


Average of 4experiments with 150 | 
cc. N/10 HCl (3 hours)............ 5.0) 0. | 13.é 0.50 | 0.044 | 0.004 


{ 
= | 9.0| 0.08 
7.8] 0.07] 9.7 | 0.64 | 0.029 | 0.0066 
= | 3.8) 0.08/ 7.0 | 0.68 | 0.044 | 0.004 
| | 4m} 0.10 | 12.0 | 0.55 | 0.034 | 0.004 
5 | 0.10 | 16.0 | 0.59 | 0.021 | 0.003 
= | 4H! 0.08 / 14.0 | 0.68 | 0.034 | 0.003 
0.086) 12.7 | 0.64 | 0.040 | 0.004 
| 
3 | 11.8 | 0.08 | 20.0 | 0.49 | 0.048 | 0.004 
4 | 9.9] 0.08 | 12.0 | 0.32 | 0.048 | 0.005 
5 | 6.8] 0.12] 15.0 | 0.58 | 0.024 | 0.003 
6 | 11.8} 0.12 | 14.0 | 0.51 | 0.035 | 0.006 
9-8 | 0.11 | 18.0 | 0.48 | 0.088 | 0.004 
9 10. | 0.14) 15.0 | 0.42 | 0.020 | 0.005 
: 10 | 8 | 0.08 | 15.0 | 0.45 | 0.026 | 0.003 
1 | | 0.12 | 26.0 | 0.45 | 0.021 | 0.003 
12 | | 0.10 14.0 | 0.47 | 0.022 | 0.003 
13 | 7.8} 0.06 | 12.0 | 0.41 | 0.024 | 0.004 
| | | 
8.6 | 0.10 | 16.4 | 0.44 | 0.022 | 0.0036 
17 | 19.0 

18 | 24.0 | 

19 | | 16.0 | 

| | 25.0 | 
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TABLE 4—Concluded 


LIPASE 
PROCEDURE AMOUNT | AMYSASE TRYPSIN PER CENT 
ACID 


mm. 
January 50 ec. olive oil plus 
11 130 ec. of water 7 10.0* 0.031 0.004 
12 | ( | 6.5 5 0.035 0.005 
13 9.: §.3 0.032 | 0.004 
14 130 cc. of water : 0.034 | 0.006 


‘ 0.033 | 0.0047 


January 100 grams starch plus 
15 180 cc. of water | 35. ; 0.023 | 0.005 
16 0.034 0.0065 
17 | 5.0 | { 0.042 | 0.0065 


18 | 8.0* | 0.022 | 0.006 
19 : 8.! 0.031 | 0.005 
20 0.023 | 0.007 


| 6.7] | 8.8 | 0.36 | 0.026 | 0.006 


* Cubic centimeters of N/10 NaOH required for formalin titration. 


of juice, and 0.2 cc. of toluol. This mixture was incubated at 40°C. for 
24 hours, and titrated with N/40 NaOH, using phenolphthalein as an 
indicator. Suitable controls were set up each time, and corrections were 
made. 

Wohlgemuth’s (starch-iodine) method for amylase proved very satis- 
factory. We determined the amount of juice required to digest 5 cc. of 
5 per cent boiled starch solution (made up fresh daily) in thirty minutes. 

Resutts. Response to a meal. The results recorded in tables 1, 2 
and 3 show the response of the pancreatic transplant toa meal. The meal 
always causes an increase in the amount of secretion. The augmentation 
in flow is usually observed within thirty minutes after feeding. It reaches 
its height from six to ten hours later. The amylase concentration of the 
secretion is practically always increased by the meal. Such is not the case 
with the lipase and trypsinogen concentration. With respect to these 
ferments, our results show that if the concentration of the ferments is high 
inthe continuous secretion, a decrease will occur after a meal and vice versa. 
The largest quantity that we have collected in one hour from the transplant 
is 5.0 ce. 

Response to HCl, water and Na,CO;. The administration of 150 cc. 


; 
| OTA 
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of N/10 HCl by stomach tube causes an augmentation of flow within ten 
minutes. The stimulation of the transplant is very striking (table 4). 

The administration of 150 ec. of water by tube results in the stimulation 
of the transplant, but the response is not marked. 

The administration of 150 ce. of 0.3 per cent NaeCO; by tube augments 
the secretion of the transplant, but not to the extent that the same quantity 
of water does. 

Effect of discomfort. If the animal is worried or distressed (aspiration 
of a small quantity of material into the trachea), the response of the trans- 
plant is delayed and diminished. We interpret this as being due to vaso- 
constriction of the vessels that supply the transplant with blood. 

Effect of secretin solution intravenously. Three animals were injected 
intravenously with a proven active secretin preparation. The secretion 
of the transplant was temporarily augmented and then inhibited completely, 
probably because the animals became quite sick. 

Effect of atropin on the response of the transplant. The procedure in these 
experiments was as follows: Knowing the normal response of the animal 
to a standard meal, the standard meal was fed and 1.5 mgm. of atropin 
sulphate was injected subcutaneously. The injection was repeated after 
an hour and ahalf. It was found that the animals secreted approximately 
50 per cent less juice than normal. 

The effect of atropin on the response of the transplant to N/10 HCl was 
also determined. Knowing the normal response of the animal to 150 ce. 
of N/10HCI, this quantity of HCl was given five minutes after the sub- 
cutaneous injection of 1.5 mgm. of atropin sulphate. It was found that 
the animal secreted as much juice as was normally secreted when this ex- 
citant was given. 

Continuous secretion. The transplant secretes continuously a small 
amount of juice containing enzymes. In amount the secretion varies 
from 0.1 to 0.4 cc. per hour twenty-four or thirty-six hours after a meal. 

DorEs THE PANCREATIC TRANSPLANT PRODUCE A NORMAL SECRETION? 
Quantity. Obviously some atrophy of the transplant is to be expected. 
The amount that occurs, however, can be only roughly approximated. In 
our experience a dog with a chronic fistula of the duct of Santorini produces 
about 45 cc. of juice per hour. We believe the portion of the pancreas 
transplanted by us is about one-third of the pancreas drained by this duct. 
If this is true, we should expect to get 15 cc. of juice per hour from the trans- 
plant. But we only get an average maximum of about 5 cc. or one-third 
of the calculated amount. We must remember, however, that the trans- 
plant is only being affected by humoral transmission and that local nervous 
mechanisms are operating in the chronic fistula animals. Anatomically, 
we judge by inspection that the transplant is about one-half atrophied. 
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TABLE 5 
Dog 2 


PROCEDURE 


LIPASE 
AMOUANT AMYLASE TRYPSIN PER CENT 
ACID 


October | 300 grams lean meat 
19 
20 
21 
22 


23 


| 0.038 | 0.005 
0.025 | 0.0055 
0.034 | 0.006 


Average 


0.032 0.0055 


26 | 100 grams starch plus 
27 180 ec. water 

28 

29 

30. 


Average 


0.052 | 0.008 
0.040 | 0.004 


bo bo 


bo 


November } 50 cc. oliver oil plus 
130 ec. water 


Average 


9 300 grams lean meat 
10 
11 
12 


13 


Average 


16 100 grams starch plus 
17 180 cc. water 

18 

19 

20 


Average 


0.003 
| 0.004 
Spilled 

2 cc. 
0.003 
0.003 


| 0.0032 


| 0.004 
0.003 
0.002 
| 0.002 
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IN 1 
6 0.05 | 17.5 0.41 
5 0.08 7.5 0.40 
6 0.08 4.5 0.50 
6 0.08 4.5 0.54 
|| 7 0.08 8.2 0.55 
6 | 0.08| 5.0 | 0.45 
l° 0.09 | 16.5 0.50 
0 | 0.08| 7.5 | 0.54 
I° | 0.08 | 12.0 0.54 | 
0 | 9.0 | 0.45 
...... | 0.08 | 10.0 | 0.49 | 0.046 | 0.008 
| 05 | 057| 0.00 
3 | | 6.0 | 0.20] 11.0 | 0.49 | 0.040 
4 | 4.0 | 0.20 | 15.0 | 0.54 | 
| | | 
5 | | 3.2 | 0.20 24.0 | 0.45 | 0.028 
6 | 4.0 | 0.18] 18.0 | 0.45 | 0.026 
| | | 
—_ 
GM | 6.20) | 0.00) 6.008 
, | 4.0 | 0.18| 17.5 | 0.42 | 0.022 
| 4.8 | 0.16 | 16.0 | 0.45 | 0.024 
| 4.5 | 0.12 | 18.0 | 0.50 | 0.026 
| 4.5 | 0.12] 7.0 | | 0.029 | 
= | 4.5 | 0.08 | 12.0 | 0.42 | 0.019 | 0.002 
| | 0.18 | 14.1 | 0.45 | 0.026 | 0.0027 
| 1.7 | 20.0 | 0.36 | 
| 1.4 | 0.14) 10.0 | 0.20 | 
| 1.5 | 0.16 | 16.0 | 0.24 | 
| 2.6 | 0.14] 15.0 | 0.36 | 
| 2.8 | 0.16 | 20.0 | 0.24 | 
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TABLE 5—Concluded 


PROCEDURE 


INOR- 

GANIC 

ASH IN 
1 cc, 


| LIPASE, | TOTAL | 
AMOUNT | AMYLASE! TRYPSIN |PER CENT! SOLIDS 
ACID | IN 1 cc. 


50 ec. olive oil plus 
130 ec. water 


0.16 | 
0.20 


Average 


0.18 | 


| 150 ec. N/10 HCI 


Jannary | 50 cc. olive oil plus 
11 | 130 cc. water 
13 
14 


Average 


| 0.003 
| 0.004 
| 0.002 


| 
| 


0.027 0.003 


| 100 grams starch plus 
180 ec. water 


0.023 | 0.004 
0.020 | 0.007 
| 0.038 | 0.005 


Average 


| 0.027 | 0.005 


| 


18 
19 
20 


Average 


100 grams starch plus 
180 ce. water 


Average 


5 | 0.020 | 0.0055 
0.021 | 0.006 
0.020 | 0.005 


| 0.020 | 0.0055 


0.025 | 0.007 
| 0.024 | 0.0075 
| 0.024 | 0.0072 


* Cubic centimeter of N/10 NaOH for formalin titration. 


Taking these points into consideration, we believe that the transplant is 
secreting at least the quantity of secretion that should be expected. 

Enzymes. Comparing the enzyme concentration of the secretion of the 
transplant with our own results and the results of others on the secretion 
of chronic fistula animals, we find that there is no significant difference and 
that the enzyme concentration of the secretion is normal. 

Solids. Comparing our analyses of the total solid and inorganic ash 
of the secretion of the transplant with the analyses of the secretion of 


3 
334 
23 P| 3.6 | 0.18| 6.0 | 0.33 
24 5.5 8.0 | 0.31 | 
25 | 4.0 | 8.0 | 0.31 | 
| 4.1 | 0.14] 9.0 | 0.14 
| 4.0 | 0.04] 8.5* | 0.25 | 0.029 
| 3.5 | 0.06] 5.3 | 0.47 | 
| 3.2 | 0.16| 6.3 | 0.20 | 0.024 
| | 4.0 | 0.20| 48 | 0.32 | | 
15 | 4.0 | 0.10 | 12.0*| 0.19 
16 | 4.0 | /12.0 | 0.19 
17 4.5 | | 7.0 | 0.16 | 
| 300 gm. meat | 4.5 | | 5.5*| 0.2 
| | 5.5 | | 8.6 | 0.3 
| 5.2 | | 5.5 | 
| | 6.9 | 0.27 
2 | | 1.8 | | 8.0 | 0.19 
2.4 | | 6.0 | 0.22 
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chronic fistula animals given in Babkin’s book (1914), we find that the total 
solids of the secretion of the transplant approximate the variations of 
chronic fistula secretion, and that the average inorganic ash of the secretion 
of the transplant is less than that of chronic fistula secretion (tables 
4 and 5). 

Reaction. The pH of the secretion of the transplant varies from 7.8 
to 9.0, measured colorimetrically. 

Histology. Up to the present time we have had only one transplant 
examined histologically. Mr. J. L. O’Leary of the Department of Anat- 
omy of the University of Chicago made the examination and reported that 
the cells were “loaded with zymogen granules”’ (fig. 1). 

THE SECRETORY RESPONSE OF THE PANCREATIC TRANSPLANT TO DIFFER- 
ENT Foops. These experiments were undertaken to ascertain whether 
or not the secretion of the transplant would differ qualitatively when 
different foods were ingested. 

Meals of lean meat, olive oil and corn starch were used, an attempt being 
made to keep the volume, water content and caloric value approximately 
the same in each. One of these meals was fed daily for several days and 
then another meal was fed daily for several days until a period in which 
each type of meal fed had been repeated at least twice, Saturday and 
Sunday usually being excepted, on which days a stock diet was fed. The 
secretion for six hours after feeding was collected and analysed for enzymes, 
total solids and inorganic ash. 

The results on two dogs are shown in tables 4 and 5. We have results 
on a third dog which have been omitted because they are quite similar to 
the results on the other two dogs. 

It is quite obvious from the results that the quantity of secretion defi- 
nitely varies with the different meals, the meat and olive oil meals being 
quite potent excitants and the starch being only a mild excitant. It 
should be added that the starch-water meal yields more secretion than the 
same quantity of water alone. 

The normal variation in the quality of the secretion in different tests 
makes it impossible to detect any significant difference between the quality 
of the secretion excited by the different meals, including HCl stimulation. 
If we had confined our experiments to a single series of tests a qualitative 
distinction would have been possible and we might have been led to an 
erroneous conclusion. 

Discussion. The fact that a transplanted portion of the pancreas, 
completely separated from its original blood and nerve supply, is definitely 
stimulated to secrete after the ingestion of a meal, is positive proof that a 
humoral agent, or agents, is concerned in external pancreatic secretion. 
Any other explanation (Ivy and Farrell, 1925) does not seem reasonable. 

The observed responses of the transplant to hydrochloric acid, water, 
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and sodium carbonate were to be expected and predicted from the well- 
known effect of these substances on pancreatic secretion. The fact that 
atropin diminishes the response of the transplant to a meal is best explained 
by the inhibitory effect of this drug upon gastric secretion and motility. 
That atropin in the dose used (1.5 mgm.) does not directly affect the hu- 
moral mechanism, at least that for acid stimulation, is shown by the fact 
that atropin did not effect the response of the transplant to hydrochloride 
acid administration. 

The observation that the transplant manifests a continuous secretion 
of juice shows that the continuous secretion is, at least in part, due to a 
humoral influence, either a, the continuous blood flow; b, the absorption 
of secretagogues from the gut, or c, the action of a hormone that is being 
formed continuously in a small amount. 

The qualitative study of the secretion of the transplant indicates that 
the secretion can be considered normal in every respect, the only difference 
between it and the secretion of the chronic fistula preparations being in the 
inorganic material it contains. It may be that if more analyses (the pub- 
lished analyses are quite meager) were made on the secretion of chronic 
fistula preparations, results would be obtained in some instances that would 
show as low values of inorganic solids as were observed for the secretion of 
the transplant. Of course the transplant is devoid of nervous stimulation 
or control, which according to Mellanby (1925) plays an important réle 
in the regulation of the enzyme output of the pancreas, and it is well known 
that ‘“‘secretin juice’”’ is thin and low in content of solids. The results that 
we have obtained on the question of nervous control of enzyme concentra- 
tion by studying the enzymes before and after section of the pedicle of the 
transplant are negative. These negative results, however, are not signifi- 
cant because we do not know whether such alleged nervous effects travel 
to the tail of the pancreas via the inferior pancreatico-duodenal artery. 

Although the response of the pancreatic transplant to a meal proves a 
humoral mechanism, it does not give us any information about the nature 
of the humoral agent, or agents. The response to N/10 HCl after twenty- 
four to forty-eight hours of starvation suggests that the humoral agent 
might be a hormone. But it is reasonable to assume that in such a case 
the humoral agent is secretagogues yielded by the autolysis of the cells of 
the mucous membrane or by food residue and that the administration of 
the acid facilitates the production and absorption of such secretagogues. 

In order to throw more light on the nature of the humoral agent, we 
studied the response of the transplant to different foods. We argued that 
if the humoral agent were secretagogues, then the secretion might vary 
qualitatively with the food fed; whereas, if the humoral agent were a hor- 
mone, the secretion would most likely vary in quantity, but not quality. 
Our results show that the different foods excited different quantities of 
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secretion, but that no significant difference in quality could be detected 
because of the marked normal variation. This argues in favor of a hor- 
mone being the humoral agent, but not conclusively because the different 
foods may yield the same secretagogues; or the secretagogues, varying for 
different foods, might affect the pancreas alike in each case, resulting in the 
same quality of secretion. 


CONCLUSIONS 


1. A humoral mechanism for external pancreatic secretion is proved by 
the fact that a pancreatic transplant is stimulated to secrete after the 
ingestion of a meal. 

2. The administration of N/10 HCl and of water stimulates the secre- 
tion of the transplant and 0.3 per cent sodium carbonate slightly inhibits. 

3. Atropin, 1.5 mgm., decreases the response of the transplant to a meal, 
but not to N/10 HCl, which shows that the humoral mechanism is not 
affected by atropin in the dose used. 

4. Since the pancreatic transplant secretes continuously, the continuous 
secretion of the pancreas is at least in part due to some humoral influence. 

5. The secretion of the pancreatic transplant is qualitatively quite 
identical with the secretion of a chronic pancreatic fistula dog with possibly 
one exception in that it is low in inorganic solids. 

6. Different foods causes the secretion of the transplant to vary decidedly 


in quantity, but not significantly in quality. The significance of this 
finding is discussed. 


We thank Dr. B. H. Orndoff, North Chicago Hospital, for making the 
pneumoperitoneums for us. 
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The moot question as to whether the gall bladder ever does empty its 
contents was definitely settled by Boyden (1925) in his studies on cats, 
wherein he showed that the gall bladder was always empty after an interval 
varying from one and three-fourths to four hours, following a given fat 
diet. He concludes that the bile is in some way modified in the gall 
bladder, but not absorbed; and that it passes out through the cystic duct 
to facilitate digestion. He further concludes that the gall bladder is a 
passive agent in the cycle of events and that the active-factors are the sec- 
retory pressure of the liver, the regulatory action of the sphincter papillae, 
and intra-abdominal pressure. Winkelstein and Aschner (1926) conclude 
that the gall bladder empties through the cystic duct, and that intra- 
abdominal pressure at the height of inspiration is sufficient to force the bile 
into the duodenum; the respiratory mechanism is the motor of the gall 
bladder; peristaltic or contractile movements of the musculature, if they 
occur at all, can play only a minor role in the emptying of the gall bladder. 

Working independently of each other, Halpert and Sweet (1924) came 
to the identical opinion that a primary function of the gall bladder is that 
of bile absorption. On the basis of their observations, they conclude that 
bile, once having reached the gall bladder, never leaves it through the 
agency of the cystic duct. Halpert’s findings rest largely on the anatomic 
relations of the biliary vesicle and the cystic duct, the complicated bends 
in the neck of the vesicle, and the peculiar arrangement of the Heisterian 
valves. All of these, he argues, are designed to impede flow from the 
vesicle to the cystic duct, while they readily admit bile from the cystic duct 
into the vesicle. Sweet (1924) recognizes in the abundant and in the un- 
usual blood supply a mechanism admirably adapted to an absorptive 
function. He has shown that bile pigments and foreign salts of various 
kinds injected into the gall bladder later appear in the lymphatics of the 
serosa. There can be no doubt but that absorption takes place; one only 
questions the extent of it. Aschoff (1906) showed the accumulation of 
neutral fat in the epithelial cells of the lining of the gall bladder, and traced 
it into the adjacent lymph vessels. Policard (1914) concluded that differ- 
ential absorption occurs; that only certain areas are functional at any one 
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time, depending entirely on the functional activity of the circulatory ap- 
paratus. Boyd (1923) concluded that one of the chief substances absorbed 
from the gall bladder by its lining is cholesterol, while Sweet has shown that 
the blood cholesterol is appreciably greater following cholecystectomy, an 
increase due to a greater content of cholesterol esters. That absorption 
takes place is not questioned. Rous and McMaster (1921) have shown 
that bile becomes greatly concentrated in the gall bladder. Marked 
changes in color and in consistency occur, so that the bile takes on a viscid, 
ropy appearance. These changes are all induced by absorption of the 
normal bile constituents, the lipoids, cholesterols and bile pigments. To 
conclude, however, even with these known facts of absorption, that all of 
the bile from the gall bladder, under normal conditions, is absorbed into 
the lymphatics, seems in the light of more recent data entirely unwar- 
ranted. Following the method of Boyden we have used the fat meal in a 
number of species of animals, with results entirely confirmatory. Gall 
bladders of fishes, certain amphibia, birds and many mammals have emp- 
tied within one and one-half to three hours following the administration 
of a diet of rich cream and egg-yolk. The effect on the gall bladder was 
alike in each instance, irrespective of the customary diet of the animal, 
whether it was normally herbivorous or carnivorous in habits. The 
test-meal given to dogs in which certain operative procedures, such as 
partial resection of the alimentary tract or gastro-enterostomy, had been 
performed invariably had the same effect on the gall bladder. The time 
factor seemed a more variable one, however; a greater period elapsed before 
the emptying process began. These cursory observations could lead one 
to conclude that perhaps absorption from the duodenal mucosa was the 
factor inciting the vesicle to empty. Gall bladders of dogs in which very 
‘ definite lesions of cholecystitis had been induced by chemical means (Mann, 
1921) did not respond as readily to the test-meal as did those of normal 
dogs, and the degree of emptying of the bladder seemed to vary with the 
extent of the lesions. 

That the gall bladder did empty through the cystic duct seemed well 
established, and yet certain evidence of this, other than an occasional ob- 
servation on an exposed cystic duct, seemed essential. Accordingly, a 
number of fasting dogs were given intravenously a standardized injection 
of phenoltetrachlorphthalein, which is known to be excreted specifically 
by the liver. After a three-day interval, to allow sufficient time for the dye 
to accumulate in the gall bladder, the alimentary tract of the animal was 
thoroughly washed out. When the water appeared clear, the tract was 
regarded as free from any of the dye. After a brief period, the animal 
was given by stomach tube 300 cc. of rich cream and egg-yolk to induce the 
emptying of the bladder. Following the usual interval of three hours the 
animal was killed and necropsy performed. The gall bladder was partially 
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empty and held a small quantity of residual bile which contained large 
quantities of the dye. The duodenal contents, in varying stages of diges- 
tion, contained appreciable quantities of the dye similar to that found in 
the gall bladder. Since bile taken from the hepatic duct by means of a 
small cannula showed no evidence of the dye, one is forced to conclude 
that the dye recovered in the duodenum was received from the gall bladder, 
during the process of emptying, and that the gall bladder emptied through 
the cystic duct. 

In our observations thus far, we had been led to suspect that the gall 
bladder did have some major part in the discharge of its contents. Studies 
on the muscularis of the vesicle show it to be composed of muscle fibers 
extending in longitudinal, transverse and diagonal directions, but in the 
opinion of many they are not numerous enough to permit of adequate con- 
tractile force to expel the bile. Studies on isolated areas of the wall of the 
gall bladder show it to possess considerable contractility in response to 
electrical or mechanical stimulation, and yet Boyden and Whitaker (1925) 
found that a strong tetanizing current produced hardly an appreciable 
effect on a distended intact gall bladder. 

Since Boyden’s work (1925) had shown that the gall bladder invariably 
emptied following the fat meal, and since our own observations had cor- 
roborated his findings in several species of animals, it appeared to us that 
the fish would offer an excellent opportunity to determine whether or not 
changes in intra-abdominal pressure were important factors in causing the 
vesicle to empty. The gar pike, Lepidosteus plastistomus, was selected as 
a suitable fish for such experimental uses. In these animals there is no 
respiratory movement and, since the abdominal wall is relatively thick, 
there is not likely to be any marked fluctuation in intra-abdominal pressure. 
Furthermore, under laboratory conditions these animals remain perfectly 
quiet for hours at a time, so that movement could not be an accessory 
factor in the emptying process. Thus it would seem that, if a gall bladder 
of such a species of fish as the gar pike should empty following the ad- 
ministration of the fat meal, it would furnish considerable support to the 
conception that changes in intra-abdominal tension were not factors in 
emptying the vesicle. On the other hand, if it did not empty, then it 
would follow that more consideration should be given the factor of abdom- 
inal pressure in other types of animals. In these animals the biliary tract 
is relatively simple. A rather large oval gall bladder is firmly fixed to the 
left caudal angle of the single-lobed liver and is joined to the duodenum 
by a single duct. Normally the gall bladder of these fasting animals is 
well distended with dark-green bile. Of a series of six fasting fishes, three 
were given 10 cc. of egg-yolk and cream by stomach tube, and three, used 
as controls, were given 10 cc. of water. After an interval of two and one- 
half hours, all six were killed. In each animal given the water the gall 
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bladder resembled that of any normal animal, well distended with bile, 
while in those given the test-meal the gall bladder was entirely free of bile, 
which was frequently evident in the intestine. During the entire ex- 
periment all animals were relatively quiet; there were occasional fin move- 
ments, but no rapid body torsions such as might affect the vesicle. It 
seems certain that in these animals intra-abdominal pressure is negligible. 
The walls of the abdomen are thick; there are no lungs and the changes 
in the content of the swim-bladder are probably not sufficient to be a factor. 
One must conclude that the contents of the vesicles were actually expelled 
by the action of its own intrinsic musculature. Cross sections of the dis- 
tended and the emptied vesicle show not only a marked contrast in the 
thickness of the walls, but also that the emptied bladder was not flaccid 
as the wall of a balloon would be that had collapsed after inflation. An 
even reduction in all parts had occurred and a structure resulted that only ¢ 
definite contraction of its tunic could have induced. 

In our earlier observations on the gall bladder in guinea pigs, we noticed 
results similar to those obtained by Boyden (1925) in cats, following the 
administration of the test-meal. The character of the emptied vesicle, 
wherein the tunic was crumpled or possessed of small diverticulate out- 
pocketings, was one to suggest that contraction of an intrinsic musculature 
had expelled the bile. The gall bladder was not flaccid in the manner of a 
collapsed rubber balloon, and residual bile could not be made to pass back 
into the fundus of the bladder even when tilted. Our conviction led us to 
feel that contraction of the vesicle was the active factor in the emptying 
process, and yet convincing proof was still lacking. 

The gall bladders of guinea pigs remain relatively free from the liver. 
A single omentum, containing a cystic vein, connects the vesicle with the 
right lobe of the liver.. Severing the mesentery after ligating the vein 
facilitates exposure of the vesicle so that its intrinsic movements may be 
observed. Fasting guinea pigs were given the test-meal by stomach 
tube, and after an interval of an hour were opened under ether anesthesia 
and their gall bladders exposed. Invariably the emptying process was 
well under way, as evidenced by the size of the vesicles, and yet attempts 
actually to observe the further reduction were always futile, due, as seemed 
evident, to the action of the anesthetic. Repeated attempts to study an 
exposed gall bladder, either of cats or guinea pigs under ether anesthesia 
or urethane anesthesia, were unsuccessful. General anesthesia inhibited 
the normal emptying processes in the biliary tract. 

Accordingly, local anesthesia was chosen as a satisfactory preparation 
for opening a fasting animal, and exposing and studying the normally 
functioning gall bladder. Such an exposure of a vesicle would entirely 
eliminate the factor of intra-abdominal pressure although sphincter tonicity 
and secretory pressure remain potential. In order that such an exposed 
vesicle could be observed over long periods of time a specially designed 
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wire holder was constructed. After the abdominal wall has been infiltrated 
with 0.5 per cent novocain, the abdomen is opened by a median incision. 
After exposure of the gall bladder, injection of the test-meal into the duo- 
denum and suture of the abdomen, the animal is carefully placed in the wire 
holder. The gall bladder is made to protrude through an aperture in the 
floor and drying is prevented by frequent additions of a mineral oil. The 
animal is made as comfortable as possible by gauze packs and throughout 
the entire period of observation he remains relatively quiet. Under such 
conditions the animal may be turned in any position required by the ex- 
periment, and observations made on the position of the gall bladder with 
respect to the emptying process. With the gall bladder of fasting animals 
thus exposed, observations were conducted along four lines. Animals 
were observed in the normal position with and without the test-meal, and 
in the inverted position with and without the test-meal. Thus we could 
determine whether extraneous factors, such as temperature, humidity or 
atmospheric pressure could incite the emptying process, and whether 
gravity itself could play some part. The very striking conclusion of these 
observations was that the presence of food was essential to any reduction in 
the size of the vesicle. Exposed gall bladders of animals which had not. 
received the test-meal never showed any appreciable change in size whether 
they were suspended in the normal or inverted position. On the other 
hand, the gall bladders of animals, to which the egg-yolk and cream had 
been administered, invariably showed changes in shape and reduction in 
size during the ensuing two and one-half hours. It seems certain then that 
gravity or atmospheric pressure, or other extraneous factor, was not in- 
strumental in the emptying process, but that a mechanism within the gall 
bladder, incited to activity by stimuli produced by the food, actually 
caused the gall bladder to empty its contents. There could be no question 
but that the gall bladder was emptying through the cystic duct, by its own 
muscular contraction. 

The change in shape and reduction in the size of such gall bladders is 
most gradual. The exposed vesicle, at the beginning of observation, is 
usually spherical. Between fifteen and twenty-five minutes following 
the administration of food, several areas of contraction are evident. In- 
stead of reducing as a unit, as a urinary bladder does in expelling its con- 
tents, independent centers of contraction induce a variety of patterns in 
the emptying vesicle. Gradually it assumes a hexagonal, and then a 
pentagonal outline. Frequent measurements taken with the vernier 
caliper show a very gradual reduction in the major dimensions. There are 
no waves of contraction, extending over the fundus and onto the neck of 
the bladder, but only these localized contractile areas, at first independent 
of each other and then gradually merging to effect the reduction of the 
whole. Very frequently we have observed contraction of these regions 
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sufficient to form small knob-like diverticula over the entire fundus. The 
result was just what might have been expected of such a muscularis, as 
has been recently described in the gall bladder of a guinea pig by Chiray 
and Pavel (1925). 

Thus contraction of the vesicle goes on, and for a period of one and one- 
half or two hours one may watch this very gradual change in the pattern 
of the gall bladder. Under the experimental conditions the vesicle never 
entirely emptied its bile, as it had been observed to do in the killed animal. 
Experimentally, the usual reduction in the size cf the vesicle approximated 
one-half its original dimension and was usually attained from one and one- 
half to two hours after observations began. The factors involved in the 
inhibition of the emptying process are problematical but are probably 
associated with the condition of the experimental procedures. Possibly 
also the probable absence of food from the duodenum inhibits the complete 
contraction of the bladder. 

Contractility of the biliary vesicle in the guinea pig is not only induced 
by the diet factor, but readily follows mechanical stimulation. Electrical 
stimulation was not tried, but frequently we have observed a complete 
and very rapid contraction on piercing the tunic with a small hypodermic 
needle. Occasionally on opening a guinea pig we have found the gall 
bladder in a partly flaccid condition. With a glass cannula of very small 
bore we have injected warm physiologic sodium chlorid solution into the 
neck and thus distended the entire vesicle. Ordinarily within two minutes 
following the injection the bladder has completely contracted, and forced 
the contents out through the cystic duct. The aperture made by the 
cannula was never large enough to permit the escape of the fluid during the 
contraction. Frequently, a nontoxic dye has been used to color the solu- 
tion of sodium chlorid which was injected; following contraction of the 
vesicle it may be recovered from the duodenum and occasionally actually 
be seen passing down the bile duct. From certain observations made 
during our studies on gall bladders of guinea pigs, the sphincter at the end 
of the common duct does not play a necessary réle in the emptying process. 
Occasionally when the test-meal was injected into the duodenum, some of 
the food passed directly into the common duct. Since no unusual pressure 
had been used, it was evident that the sphincter must have been relaxed 
and that the duct was open; yet the biliary vesicle itself was well distended 
with bile. Had the tonicity of the sphincter been a factor in releasing bile 
from the gall bladder, certainly the vesicle should have been empty under 
these conditions. True, these were only occasional observations, and 
usually we found the sphincter contracted so that food did not pass into 
the common duct, and yet such conditions in the presence of a distended 
gall bladder are not without significance. The sphincter of Oddi is prob- 
ably more involved in the filling of the gall bladder than in its emptying. 
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Since novocain anesthesia had been found to provide a satisfactory means 
of studying the emptying gall bladder in a guinea pig, it seemed feasible to 
attempt its use in a study on dogs. Gall bladders of dogs had been ob- 
served in various stages of emptying when the animal was killed following 
the test-meal, and yet no evidence as to the factors involved was at hand. 
Since the gall bladder of a canine is so intimately related to the right central 
lobe of the liver, an exposure similar to that employed in the guinea pig 
could not be made. However, the study could be made with the abdomen 
open and intra-abdominal pressure thus reduced, and the action of the gall 
bladder, at least partially exposed, could be observed. 

Accordingly, dogs with a more or less coéperative disposition were 
selected and prepared for the experimental procedure. Preliminary to 
the day of the experiment, the animals were trained to lie for hours at a 
time on the operating table, made as comfortable as possible by pads and 
packs. Under local anesthesia, and with sterile technic, the abdomen was 
opened by a median ventral incision. All undue tension being avoided and 
with the least possible manipulation, all of the hepatic ducts were ligated 
near their juncture with the common duct. Thus hepatic bile and se- 
cretory pressure were eliminated from experimental complication. A 
rubber catheter was then sutured into the common duct, about 2 cm. 
from the ampulla. Thus sphincteric control as an inhibiting factor in the 
flow of vesicular bile was removed. Lastly, a small rubber T-tube was 
sutured into the duodenum near the ampulla, to provide a means of placing 
the test-meal directly in the alimentary tract. Throughout the entire 
preparation the animal evidenced no discomfiture and remained relatively 
quiet on the table. Warm moist gauze packs were placed around the 
abdomen and over the exposed portions of the viscera, but the abdominal 
wall was not sutured. 

With such an exposure, experimental observations could well be made. 
It is evident from the extent of the preparatory operations that secretory 
pressure as a factor in emptying the gall bladder was obviated, that the 
effect of the sphincter of the common duct was removed and that intra- 
abdominal pressure was certainly minimized. The rubber catheter, pre- 
viously filled with water, was connected with a pressure manometer to 
record the pressure against which the vesicle might empty. Under these 
conditions the animal was observed for a period of one hour, during which 
time bile never appeared in the manometer or catheter, in spite of the fact 
that the sphincter control had been removed. At this time 100 cc. of egg- 
yolk and cream, together with 10 cc. of concentrated bile, taken from the 
gall bladder of another animal, was administered through the T-tube 
into the duodenum. Twenty minutes later an additional 100 cc. of the 
test food was given, followed by 50 cc. a little later, thus making a total of 
260 cc. of food directly administered. Ranging from thirty minutes to 
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one hour following the first administration of food, water gradually rose 
in the manometer. This was soon followed by dark-brown bile, unques- 
tionably of the gall bladder type, and it was certainly evident that the 
gall bladder wasemptying. The pressure gradually increased as evidenced 
by the manometer reading and clearly showed that the gall bladder was 
emptying by a series of contractions. The pressure reading on the mano- 
meter fluctuated with respiration. Coincident with inspiration there was 
a corresponding short rise in the manometer level, and a fall again at 
expiration. But very significant was the fact that the passage of bile 
from the bladder was entirely independent of these short respiratory fluc- 
tuations. Coincident with these smaller fluctuations and yet entirely 
independent of them was a larger, more retarded one which was induced 
by the contractility of the vesicle itself. The larger fluctuations in the 
manometer level were variable in their extent, ranging from 20 to 40 mm. 
of bile; this suggests a variable frequency in the rate of contraction of the 
muscle tunic. This variation consists not only in the degree of contraction 
but in the duration as well, for the interval between successive periods of 
contraction varied from ten to forty seconds. These observations on the 
short duration of contraction of the muscle tunic are in entire accord with 
observations on the contractility of isolated portions of smooth muscle 
fibers. 

Three hours after the first food had been injected into the duodenum, 
the gall bladder had gained its maximal pressure, usually from 200 to 225 
mm. of bile. On one occasion the reading ran as high as 260 mm. of bile. 
but in most of the dogs observed the average pressure maintained for thirty 
or forty minutes was 210mm. _ Following this period of continued pressure, 
if the bile is withdrawn from the catheter, pressure will again rise to about 
50 mm. of bile. When this amount is withdrawn there is usually no 
further evidence of bile in the catheter, thus indicating that the gall bladder 
has ceased its emptying process. This cessation in the flow of bile from the 
gall bladder occurred four or four and one-half hours after the first feeding. 

At the conclusion of the experiment, to verify the preparatory procedure, 
the animals were killed and explored. If it was found that all the hepatic 
ducts were not ligated, the results were regarded as vitiated and were dis- 
carded. At such times the gall bladder was always found partially filled; 
the emptying was never complete. The quantity of residual bile added 
to that taken from the catheter approximated the total capacity of the gall 
bladder. Under such experimental procedure the usual quantity of bile 
expelled from the vesicle was about 60 per cent of its contents. In other 
words from a gall bladder with a capacity of 11.5 cc., 6.5 ec. of bile was 
drained experimentally while 5 cc. remained as residual bile. These ob- 
servations and comparisons on the total possible capacity of the gall blad- 
der, with the amount of bile removed, do not offer much in support of the 
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absorption hypothesis. During a period of four and one-half hours of 
active digestive procedure one would expect a considerable quantity of 
bile to be absorbed through the walls of the vesicle; this, however, does 
not occur. 

These observations would substantiate the results of our studies on fishes 
and guinea pigs, and show quite definitely that the gall bladder may empty 
its contents through its own intrinsic musculature. That the sphincter 
of the common duct may play some coéperative réle in the emptying proc- 
ess is not denied. Further studies must be made to determine just how 
the sphincter does function in relation to the vesicle itself. It is certain 
that tonicity of the sphincter may not in itself inhibit the emptying proc- 
ess, and we may conclude that the gall bladder is possessed of a sufficient 
mechanism to force its contained bile into the common duct. 


SUMMARY 


Observations on the emptying of the gall bladder have been made on a 
number of different species of animals, including fishes, amphibia, birds 
and mammals. In general our results confirm those of Boyden, that the 
gall bladder invariably empties following a diet rich in fat. 

The hitherto recognized factors instrumental in emptying the gall 
bladder are intra-abdominal pressure, secretory pressure of the liver, and 
the tonicity of the sphincter at the duodenal end of the common duct. 
Any intravesicular mechanism was considered in itself as without signifi- 
cance in emptying the bladder. 

Fishes must be devoid of any very great fluctuation in intra-abdominal 
pressure. There are no respiratory movements, and the abdominal wall 
is relatively thick. Such animals, given a fat meal by stomach tube, in- 
variably empty their gall bladders in the ensuing two or two and one-half 
hours. Fishes, serving as controls, and given the same quantity of water 
in the same way do not discharge the contents of their biliary vesicles. 
Sections of a distended and an emptied gall bladder of the gar pike show 
tunics which are quite significant and suggest that the gall bladder has 
emptied by the contraction of its own intrinsic muscularis. 

Studies on the exposed gall bladder of guinea pigs under novocain 
anesthesia show that the vesicle empties only in response to some fat diet 
and that it empties through the cystic duct. Neither gravity nor intra- 
abdominal pressure may in themselves function in emptying the vesicle. 
Studies on the exposed gall bladder, following the fat meal, show that there 
are localized areas of contraction. The spherical bladder very gradually 
becomes somewhat hexagonal or pentagonal in outline, as its major axes 
reduce in dimension. Very frequently we have noted such extensive 
localized contractions as to induce the formation of numerous knob-like 
diverticula over the entire fundus of the vesicle. The tonicity of the 
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sphincter of the common duct is not of major significance in the emptying 
of the gall bladder of guinea pigs. The opening of the duct into the duo- 
denum has been frequently observed to be patent, even though the gall 
bladder was well distended with bile. 

Observations on the emptying of gall bladders of dogs, likewise under 
novocain anesthesia, following the administration of the fat meal, sub- 
stantiate the conclusion that the gall bladder empties by its own intrinsic 
mechanism. By the ligation of the hepatic ducts, secretory pressure of the 
liver was obviated; inserting a catheter into the common duct removed the 
inhibiting effects of the sphincter of Oddi, while allowing the abdomen to 
remain open certainly minimized the force exerted by the act of inspiration. 
Under these experimental conditions, the gall bladder of a fasting dog was 
observed to empty within three hours after the introduction of the fat meal 
directly into the duodenum. The maximal pressure ever attained by the 
contracting vesicle, as recorded on a manometer, was 260 mm. of bile. 
Fluctuations in the level of the bile in the manometer suggest that there are 
small contractions of the biliary vesicle of very short duration, lasting 
usually not more than from forty to sixty seconds, and that these contrac- 
tions are independent of the force exerted by the respiratory movement. 
The quantity of bile removed under these experimental conditions, when 
added to the residual bile, invariably approximates the total capacity of 
the vesicle. 

On the basis of our studies on the emptying gall bladders of fishes, 
guinea pigs and dogs, we must conclude that: 1, the gall bladder empties 
through the cystic duct; 2, the gall bladder empties by the contraction 
of its own intrinsic musculature; 3, secretory pressure of the liver is of 
little significance in emptying the vesicle; 4, intra-abdominal pressure is 
not a major factor in emptying the vesicle; and, 5, the sphincter of the com- 
mon duct is not a factor in emptying the vesicle, except that its relaxation 
permits the bile to pass to the duodenum under pressure incited by the 
contraction of the gall bladder. 


BIBLIOGRAPHY 


Ascuorr, L. 1906. Miinchen. med. Wochenschr., ii, 1847. 

Boyp, W. 1922-1923. Brit. Journ. Surg., x, 337. 

Boypen, E.A. 1925. Anat. Rec., xxx, 333. 

Boypen, E. A. anp L. R. WHITAKER. Quoted by Boypen, p. 350. 

Curray, M. anv I. Pavet. 1925. Journ. de physiol. et de path. gén., xxiii, 318. 
Havrert, B. 1924. Med. Klin., xx, 408, 1096. 

Mann, F.C. 1921. Ann. Surg., Ixxiii, 54. 

PouicarD, A. 1914. Compt. rend. Soc. de biol., lxxvi, 338. 

Rovs, P.C. anp P.D. McMaster. 1921. Journ. Exper. Med., xxxiv, 47. 
Sweet, J.E. 1924. Internat. Clin., S. 34, i, 187-226. 

WINKELSTEIN, A. AND P. W. AscuneR. 1926. Amer. Journ. Med. Sci., clxxi, 104. 


STUDIES ON THE PHYSIOLOGY OF THE LIVER! 


I. Errect or LIGATION OF THE HEPATIC ARTERY ON CARBOHYDRATE 
METABOLISM? 


WILLIAM 8. COLLENS, DAVID H. SHELLING* anp CHARLES 8. BYRON 


From the Department of Pathology and the Harry Caplin Pediatric Research Laboratory, 
The Jewish Hospiial of Brooklyn, N. Y. 


Received for publication June 9, 1926 


The réle of the liver in carbohydrate metabolism has in the past been 
studied in the following ways: 

1. Injury to the liver by physical or chemical agents. 

2. Partial or total hepatectomy. 

3. Interference with the blood supply to the organ. 

INJURY BY PHYSICAL OR CHEMICAL AGENTS. Phosphorus or chloroform 
poisoning may cause profound functional and structural changes in the 
liver, but such intoxication does not particularly interfere with carbo- 
hydrate metabolism (21). Hyperglycemia, the result of increased glyco- 
genolysis may follow the administration of various chemical agents, such 
as adrenalin (18), morphine, ether and other substances (6), or the perfu- 
sion of the organ itself (4). 

Hepatectomy. Partial or total hepatectomy has been performed on 
birds, fish, amphibia and mammals since the time of Minkowski and 
Naunyn (14), to determine whether the presence of the liver is essential 
for life. Since then many investigators, including Bock and Hoffman (2), 
Schenck (16), Tangl and Harley (19), Whipple and Hooper (20) and Rich 
(15) have followed this procedure, but were concerned mainly with either 
nitrogen or bile pigment metabolism. In 1922, Mann and Magath (12) 
at the Mayo Clinic devised a successful procedure for extirpating the liver 
in mammals, and studied its effect upon the various chemical constituents 
of the blood. Among their studies they included the determination of the 
blood sugar concentration following this operation till death intervened. 
They found that after hepatectomy their animals all developed a constant 
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symptom complex, characterized by 1, a drop in the blood sugar to a hypo- 
glycemic level in 2 to 8 hours; 2, accompanying this drop in the blood sugar, 
there developed drowsiness, paralysis and coma; and when the blood sugar 
fell below 45 mgm. per 100 cc. of blood, their animals all developed clonic 
and tonic convulsions and died within 5 minutes. They also found that 
they could bring an animal out of a convulsive seizure by the injection of 
glucose intravenously (0.25 gram per kilogram of body weight), and could 
prolong the life of the animal by repeated injections of glucose and thus 
postpone the onset of convulsions and death. 

INTERFERENCE WITH CIRCULATORY SUPPLY. As early as 1877 Eck (7), 
a young surgeon in Tarchanow’s laboratory, described a procedure for 
shunting the portal blood directly into the inferior vena cava, so that, as 
Burton-Opitz (3) later showed, 75 per cent of the circulation to the liver 
was abolished. Most of his animals lived from several hours to 7 days, 
but one survived more than 2} months, when he suddenly disappeared 
from the laboratory. This work was later taken up by Hahn, Massen, 
Nencki and Pawlow (8) in an effort to determine the cause of death fol- 
lowing this procedure. They found that the animals could survive the 
operation and appear normal if 1, the anastomotic foramen was over 1.5 
cm. in diameter and remained patent, and 2, the animals did not receive a 
high protein diet prior to or after the operation. They also observed that 
an Eck fistula caused a disturbance in the nitrogen metabolism only insofar 
as the liver was unable to convert all the ammonia to urea, thus causing 
an alteration in the ammonia urea partition in the blood and urine. 

The same investigators then studied the effect of ligation of the hepatic 
artery following an Eck fistula and observed that all their dogs died within 
6 to 15 hours with characteristic clonic and tonic convulsions. They 
attributed death to protein poisoning because the ammonia increased at 
the expense of the urea. This work was repeated by Matthews and 
Miller (13), who also observed death in convulsions following such a pro- 
cedure within 12 to 24 hours, but offered no explanation for the cause of 
death. 

Whipple and Hooper (19), in their studies on the extra-hepatic formation 
of bile pigments, also ligated the hepatic artery following an Eck fistula 
and observed the onset of violent convulsions and death in from 5 to 
24 hours. They attributed this phenomenon to hepatic insufficiency. 
Studies of the effect of ligation of the hepatic artery on carbohydrate 
metabolism were made by Macleod (10) and Allen (1) with contradictory 
results. The discrepancy in their observations will be discussed later. 

Since an Eck fistula alone does not produce premature death in animals 
with any changes in carbohydrate metabolism (5), (8), and since only 
after complete exclusion of the blood supply to the liver does the typical 
symptom complex occur, the question arose as to what effect ligation of the 
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Fig. 1 
arteries, the two terminal hepatie arteries and superior pancreatico-duodenal artery 


Arterial circulation of liver exposed at operation. Insert shows hepatie 


ligated and cut. 


Fig. 2. Roentgenogram of blood vessels going to pancreas and liver. 
A = hepatic artery; B = terminal hepaties; C = sup. pancreatico-duodenal artery 
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hepatic artery alone would have upon the organism. In view of the faet 
that Mann and his co-workers obtained hypoglycemic shock after total 
hepatectomy and were able to prolong the lives of their animals with 
glucose, we were led to believe that the convulsive phenomena described 
by previous observers following complete exclusion of the blood supply to 
the liver may have had their origin in a disorder of the carbohydrate 
metabolism. We therefore undertook a series of experiments to determine 
the effect of ligation of the hepatic artery and its collateral circulation upon 
the blood sugar level and upon the glycogen stores of the body. 

Metuops. Dogs were used in all of our experiments. Ether was the 
anesthetic of choice although amytal was used in some cases. Blood 
sugar estimations were done by the methods of Folin-Wu and Kramer- 
(yittJeman (10) in parallel. Urinary sugar was determined by the Benedict 
method, and glycogen was estimated according to Pfliiger. 

OPERATION. Before the administration of the anesthetic blood was 
taken from the jugular vein in citrate. A transverse abdominal incision 
6 to 8 em. long was made just below the costal margins. The lesser cur- 
vature of the stomach was pulled downward to the left, the gastro-hepatic 
omentum was split, and the hepatic artery and its branches exposed (figs. 
1 and 2). From previous descriptions of the anatomical relations of the 
hepatic artery by Segall (17) and by Collens (4), it is seen that the hepatic 
artery going up and to the right gives off the gastro-duodenal artery which 
turns down to follow the course of the common bile duct and portal vein. 
After giving off the right gastro-epiploic artery it continues on as the 
superior pancreatico-duodenal artery to supply part of the pancreas and 
duodenum. The remainder of the hepatic artery bifureates and continues 
on as the two terminal hepatic arteries. These two small branches con- 
stitute the sole arterial supply to the liver except for what little blood the 
organ may derive from the capsular branches of the diaphragm. 

The hepatic artery, the gastro-duodenal artery and the terminal hepatic 
arteries were isolated, ligated and cut between the ligatures. The ab- 
dominal wall was then sutured in layers with heavy silk and a collodion 
dressing applied. The animal was replaced in the cage and given only 
water. 

Resuuts. Typical results are seen in figure 3. There was a remarkable 
constancy in the results obtained. After recovering from the effects of the 
anesthetic, the dogs appeared normal,—walked, ran, barked, drank water 
and excreted normal amounts of urine and feces. The dogs remained in 
this apparently normal state from 15 to 50 hours, following which they 
became drowsy, listless and unresponsive. Pinching or pricking failed to 


evoke a response. The animals refused food and water. During this 


stage occasional fibrillary twitches were observed. Then (within 1 to 2 
hours) symptoms of hyper-irritability appeared, followed by generalized 
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clonic convulsions, tonic spasms, retraction of the neck, respiratory paral- 
ysis, an occasional sharp yelp and death. This general seizure usually 
lasted from 2 to 5 minutes. 

The blood sugar curve was studied during this period. A definite 
parallelism between the blood sugar level and the symptoms just described 


Fig. 3. Effect of arterial exclusion of liver on blood sugar. 
C-D = death in convulsions; | = time of ligation. 


was observed. When the blood sugar concentration was within normal 
limits the animals were free of symptoms, but as soon as the sugar dropped 
to 60 mgm./100 ec. of blood or below, the dogs developed the first stage of 
the syndrome, that of drowsiness. The blood sugar dropped progressively 
and when it reached a level below 45 mgm./100 ec. of blood, convulsions 
and death supervened. In a few of our animals the administration of 
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glucose orally or intravenously was successful in bringing the animal out 
of convulsions and prolonging the period of survival for several hours. 

Immediately after death autopsies were performed, and portions of the 
liver, skeletal and heart muscle were at once examined for glycogen. In 
no case were we able to find glycogen in these tissues either by alcohol 
precipitation or positive reduction after hydrolysis. Microscopic studies 
of the livers were made. These will be reported later. 

To eliminate the possibility of the picture being produced by nerve injury 
incident to the ligation, the plexus of nerves surrounding the hepatic 
artery was severed in one dog, without ligating the hepatic artery. This 
procedure in no way interfered with the well-being of the animal. The 
dog is still alive and normal since the operation on December 31, 1925. 

Discussion. Macleod, in the course of his studies of the relation of 
asphyxia to glycosuria, tied off the hepatic artery in Eck fistula dogs and 
observed a drop in the blood sugar to a hypoglycemic level. In other 
experiments he ligated and cut the blood vessels and nerves entering the 
liver with the exception of the portal vein, and observed no such alteration 
in the blood sugar 90 minutes after the operation. The results of his ex- 
periments are inconclusive and incomplete. No mention is made of the 
anesthetic employed, which alone may have an important transient in- 
fluence upon the blood sugar. Secondly, determinations were not made 
for a period longer than 1} hours after ligation,—a time when no remark- 
able changes in the blood sugar level would be expected even after total 
hepatectomy (Mann and Magath). Macleod thus concludes that only 
when the liver is entirely excluded from the circulation by ligating the 
arterial and portal supply, does hypoglycemia develop; but when only the 
arterial supply and the nerves are cut off, no such phenomenon occurs. 
Allen (1) ligated the hepatic artery in one dog and observed no changes in 
the blood sugar. Neither Macleod nor Allen describe in detail the point 
of ligation of the hepatic artery. It is thus safe to assume that in their 
ligations they failed to consider the collateral circulation entering the 
terminal hepatic arteries from the superior pancreatico-duodenal and gastro- 
duodenal arteries. This rich collateral circulation has been demonstrated 
by the work of Segall and that of Collens to be capable of maintaining an 
adequate blood supply to the liver. Segall quotes the works of Litten, 
Tuffier and Haberer, who ligated the main hepatic artery in humans for 
aneurysm or accidental trauma of that vessel, without producing functional 
or structural changes in the liver or a fatal termination. Haberer con- 
firmed his surgical observation with experimental ligations in dogs. It is 
generally agreed that the arteria hepatica propria can be ligated with 
impunity if the collateral circulation is immediately established by way 
of the less important capsular branches of the diaphragm, and the more 
important collateral supply from the superior mesenteric artery by way 
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of the inferior pancreatic-duodenal, superior pancreatico-duodenal, and 
gastro-duodenal through the two terminal hepatic arteries. Reference 
to figures 1 and 2 readily illustrates why ligation of the hepatie artery 
anywhere along its course up to the bifurcation of the terminal hepatic 
arteries will not disturb the circulation of the liver. 

From an anatomical standpoint, the results and discrepancies in Mac- 
leod’s and Allen’s experiments may only be interpreted as having been 
due to a partial exclusion of the arterial supply of liver whereas complete 
exclusion was attempted. It is also possible that even if Allen attempted 
to ligate the collateral circulation, the existence of an anomalous artery 
cannot be ruled out, as pointed out by Segall. In our experiments where 
we also ligated the important collateral circulation to the liver besides the 
arteria hepatica propria, and blood sugar determinations were made at 
frequent intervals until the animals died, the hypoglycemic syndrome was 
a constant observation. 


CONCLUSIONS 


1. Ligation of the arterial supply to the liver of dogs causes death in 
hypoglycemic convulsions. 

2. Period of survival after ligation depends upon the amount of glycogen 
previously stored, and varies between 15 and 50 hours. 

3. There is a total depletion of glycogen in the tissues at death. 

4. Administration of glucose prevents convulsions and prolongs life 
for several hours. 

5. Severing the plexus of nerves surrounding the hepatic artery does not 
produce this hypoglycemic syndrome. 


We wish to express our deep appreciation to the American Medical 
Association for a grant which partially defrayed the expense of this in- 
vestigation, and to Drs. Benjamin Kramer and Max Lederer for their 


kind assistance and encouragement. 


PROTOCOLS 
~ 


Dog 9. Female, weighing 9.5 kgm. At 10:30 a.m. 10 cc. of 10 per cent solution of 
amytal were administered intraperitoneally. Blood was taken from the jugular 
vein for analysis. Blood obtained at 12:35 contained 104 mgm. sugar/100 ce. At 
12:40 operation was started. 12:45 blood sugar was 106mgm. Ligation at 1:00 p.m. 
Blood sugar remained at aconstant level. At 5:45 animal recovered from the anes- 
thetic. At 12:00 midnight the animal appeared normal, walked about, drank water 
and did not vomit. The following morning, at 9:30 a.m., she appeared very drowsy 
and unresponsive. At 11:00 the dog had a generalized clonic convulsion during 
which time the blood sugar was 31 mgm. The clonic seizure lasted about one minute 
and was followed by a generalized tonic spasm, orthotonus, opisthotonus, rigid ex- 
tension of all the extremities; respiratory paralysis and death. Post-mortem ex- 
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amination revealed a small amount of sero-sanguineous fluid in the peritoneal cavity. 
The liver was of normal size and consistency, capsule smooth. Cut surface of the 
liver was finely granular and reddish, but not congested. There were no areas of 
necrosis. Microscopic studies will be reported in a later paper. 

Dog 41. Female, weight 8 kgm. Fed at 11:15 a.m. Blood sugar was 88 mgm. 
11:20, ether started. 11:30, operation started. 11:45, ligation performed. 12:00, 
animal recovered from anesthetic and returned to cage in good condition. 6:00p.m., 
blood sugar was 90 mgm. Animal died the following day at 9:45 a.m. in convulsions. 
Blood sugar was 33mgm. Post-mortem examinations revealed same findings as those 
described above. No glycogen was found in the liver, heart or skeletal muscle. 

Dog 14. Male, weight4kgm. Starved for24hours. 12:00 ether started. 12:25, 
ligation performed. 12:45, blood sugar 166mgm. 11:30 p.m., blood sugar 100 mgm. 
3:00 a.m., animal had a generalized clonic seizure. 3:01 a.m., blood (cardiac punc- 
ture) contained 44 mgm. sugar. Convulsive seizure lasted 3 minutes, then had a tonic 
convulsion, respiratory paralysis and died with a blood sugar of 39 mgm. Autopsy 
findings as above. No glycogen was found in liver, heart or skeletal muscle. 

Dog 4. Male, weight 5 kgm. Ether started 12:15. Operation started at 12:30. 
12:45, blood sugar 142 mgm. 1:00 p.m., ligation. 9:30 p.m., blood sugar 120 mgm. 
At 9:45 a.m. the following morning the blood sugar was 115mgm. Blood sugar con- 
tinued at the same level for 46 hours, during which time the animal appeared normal. 
Then at 10:00 a.m. of the third day he appeared drowsy, at 10:15 was unable to stand 
up and began to show an occasional twitch. At 10:20 he had a convulsive seizure 
characterized by marked cionic contractions. At 10:20 blood sugar was57mgm. At 
10:30 the blood sugar was 52 mgm. and at 10:31 a.m. the animal died. 

Liver at autopsy was grey, granular and translucent. The other organs appeared 
normal. Muscle and liver were negative for glycogen. 

Dog 13. Showed the same picture as the one described above. Ligated at 11:15 
a.m. and died a hypoglycemic death at 12:05 a.m. on the following day—thus running 
a course of 37 hours. No glycogen obtained from the tissues (liver, skeletal and heart 
muscle). 

Dog 16. With a blood sugar of 43 mgm. 24 hours after ligation and with clinical 
signs of hypoglycemia, drowsiness, occasional twitching, was given 10 grams glucose 
by vein. The animal immediately stood up on the table and appeared active. He 
died 2 hours later. 

Dog 20. Drowsy and occasionally twitching 23 hours after ligation at which time 
the blood was 52 mgm.; 100 cc. of 10 per cent glucose injected intravenously. Dog 
immediately more active and alert. Ran to cage, drank water and did not vomit. 
Observed for 2 hours (up to 2 a.m.). Found dead in the morning. 

Dog 23. Male, weight 12 kgm. Control blood sugar 84 mgm. Plexus surround- 
ing hepatic artery was stripped and cut without ligating the vessel. One week later, 
animal appeared normal. Blood sugar was 119 mgm. 

A few of the animals, such as dogs 3, 5, 6, 7 and 8 were found dead in the morning. 
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In the course of the eye transplantation experiments carried out by one 
of us during the past seven years, the reaction of the iris of the transplanted 
eye to various drugs has been studied. Accidentally it was observed 
that pilocarpine dilated the pupil of the transplanted rat’s eye. This 
observation remained unpublished, but recently J. A. Waddell (1926) 
described this phenomenon in the normal eye of the albino rat. He 
noticed that pilocarpine hydrochloride administered locally, subcutane- 
ously or intrahepatically invariably produced a dilatation of the pupil. 
According to him, pilocarpine acts on the pupil of the rat like atropin 
but less potently. 

Experimental. A large number of healthy albino and spotted rats were 
used. All the drugs employed in these experiments were dropped into 
the conjunctival sac, except where systemic effects were desired. The 
pilocarpine hydrochloride or sulphate was made up into 2 to 4 per cent 
solution. The instillation of this drug produced a very marked dilata- 
tion of the pupil, without exception. Mydriasis was never as maximal 
as one gets after administration of atropin, but usually much more pro- 
nounced than after either adrenalin or cocaine application. Thus the 
rat’s iris reacts paradoxically to pilocarpine. 

The next question that confronted us was that of the possible mecha- 
nism of this paradoxical reaction. The oculomotor (sphincter) tone of the 
rat’s iris is relatively great. Therefore we find an exceedingly small 
pupil in the normal eye of the rat. That the extremely small diameter 
of the rat’s pupil is in no wise responsible for this paradoxical phenomenon 
can be shown by applying pilocarpine to the eye of the mouse, whose pupil 
is as small or even smaller than that of the rat and where pilocarpine 
produces its usual effect, namely, pupillary constriction. Furthermore 
physostigmin produces a constriction of the rat’s pupil, as it does in the 
case or other animais. Section ot the cervical sympathetic and stimula- 
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tion of the peripheral end of the cut nerve produces the usual effects in 
the rat. Similarly, we obtain the constriction of the pupil by stimulating 
the oculomotor nerve. The action of other drugs on the rat’s pupil, 
(cocaine, adrenalin, atropin and physostigmin), together with our experi- 
ments on the pupilomotor nerves themselves, prove that innervation of 
the iris of the rat is the same as in other mammals. The dilator muscle 
receives its innervation from the cervical sympathetic, whereas the para- 
sympathetic innervation of the sphincter muscle is made up of the post- 
ganglionic fibres coming from the ciliary ganglion. This contention is 
also based on histological researches by Stepanow (1892) and by Kolmer 
(1923). After the section of the cervical sympathetic the paradoxical 
pilocarpine response persists for at least four weeks, this being the time 
we kept the rats under observation. If both the long and short ciliary 
nerves are cut together with the optic nerve, the pupil becomes dilated 
and remains in this condition permanently provided no regeneration takes 
place. If pilocarpine is applied to such recently denervated eyes, the 
pupil becomes very markedly constricted. We performed such opera- 
tions on a large number of rats and obtained very pronounced (almost 
maximal) constriction after pilocarpine administration, without excep- 
tion. If only one eye is denervated, the other being normal, the instilla- 
tion of the same amount of pilocarpine in both eyes, or the systemic ad- 
ministration of the drug, results in dilatation in the normal eye and con- 
striction in the denervated eye. 

We carried out several experiments to determine the effects of pilo- 
carpine upon the reaction of the pupil to some other drugs. On the 
whole we might say that the pupilo-dilator action of the adrenalin and 
cocaine were reinforced by pilocarpine, whereas the dilatation caused by 
pilocarpine is always increased by atropin or homatropin administration. 
Physostigmin constricts the pupil which has been previously dilated by 
pilocarpine. In the normal eye of the rat pilocarpine and physostigmin, 
therefore, act as antagonists. We obtained exactly the same results in 
the albino and in the spotted rat. There seems to be only one minor 
difference. The pupil of the albino rat dilated by pilocarpine does not 
react to light or reacts feebly upon administration of very small doses, 
whereas the pupil of the rat with pigmented iris does react to light even 
after administration of larger doses of pilocarpine. The pilocarpine dila- 
tation of the pupil of the rat can be elicited in the wakeful state as well 
as in anesthesia. We usually worked on the rats under paraldehyde anes- 
thesia. It may be noted that pilocarpine applied in huge concentrations 
(saturated solutions) causes also a typical dilatation of the normal eye of 
the rat. The strength of the dose is therefore irrelevant. In other re- 
spects pilocarpine shows in the rat orthodox effects, for instance, salivation, 
even after the absorption of the locally administered drug. 
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Besides pilocarpine we studied the action of other drugs on the rat’s 
pupil. Atropin and homatropin caused as marked pupilo-dilatation, as 
in any other mammal. Quite small quantities of the drug (one drop 2 per 
cent homatropin solution), sufficed to cause pupilo-dilatation also in the 
untreated eye (apparently due to absorption). Adrenalin administration 
is followed by a slight dilatation, which, as already mentioned, may be 
reinforced by pilocarpine. The same thing is true for cocaine, although 
the cocaine-dilatation is more marked and more sustained than the adrena- 
lin mydriasis. Physostigmin causes a constriction of the iris under all 
circumstances. We do not see any reason which would prevent us from 
interpreting these results as orthodox effects of these drugs as established 
in various other mammals. 

We also studied the effect of strophantin on the pupil of the rat, in order 
to compare the action of this drug on the smooth musculature of the 
mammalian iris with the striated musculature of the avian iris. The 
local application of strophantin caused a slow but nearly maximal dilata- 
tion of the pupil. It was noticed that the dilated pupils were quite often 
oval in shape. The strophantinized iris does not react to light, but phy- 
sostigmin produced a distinct constriction of these pupils. Although in 
this paper we limit ourselves to discuss only the results obtained in the 
rat, it may be mentioned that strophantin constricted instead of dilating 
the pupil of several dogs. In the rat, however, the action of strophantin 
is similar to that of the atropin. 

The dropping of nicotine (10 to 40 percent solution), into the conjunc- 
tival sac produced a very marked dilatation of the rat’s pupil. If one 
applies nicotine to an eye whose pupil has been previously dilated by 
homatropin, the nicotine solution of the same strength produces a very 
marked constriction of the rat’s iris. A very weak solution of nicotine, 
for instance the usual 0.2 per cent solution, has no effect on the rat’s pupil 
on local application. 

The administration of spartein solutions of various strengths produced 
marked dilatation of the rat’s pupil. The sparteinized iris reacts to 
light. The dilatation of the pupil after spartein administration can be 
elicited even after the removal of the superior cervical ganglion. Both 
sparteinized and strophantinized, as well as the homatropinized or co- 
cainized iris are constricted by physostigmin, but not by pilocarpine. 

Discussion. At present we have two main theories which attempt to 
explain the action of pilocarpine on the iris. Since, in general, pilocar- 
pine results in the constriction of the iris, both theories are devoted to the 
explanation of this constriction. Harnack and Meyer (1880) developed a 
theory according to which pilocarpine stimulates the parasympathetic 
nerve endings. The fact on which they base their theory is the phenom- 
enon that pilocarpine does not constrict the pupil after moderate or huge 
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doses of atropin, while the sphincter muscle is still irritable. Anderson 
(1904-05) assumes just the opposite, namely, that pilocarpine acts directly 
on the contractile substance of the sphincter muscle. He has shown 
that, after the degeneration of the short ciliary nerves, physostigmin does 
not constrict the pupil, whereas the miotic effect of pilocarpine is more 
marked than ever. None of the theories helps in the explanation of the 
action of pilocarpine on the rat’s pupil, since the effect of pilocarpine on 
the normal eye is a dilatation and not a constriction. It has been sug- 
gested, on the basis of some casual observations, that pilocarpine may 
stimulate the sympathetic ganglia, more specifically the superior cervical 
ganglia. Langley applied 1 to 2 per cent solution of nitrate of pilocar- 
pine directly on the superior cervical ganglion, and observed a very 
evanescent dilatation of the pupil on the corresponding side. It is very 
doubtful that this is a specific effect, and not merely due to chemical 
stimulation of the ganglion. It is reported this evanescent dilatation is 
followed immediately by a powerful constriction of the pupil. An anal- 
ogous phenomenon as the action of the pilocarpine on the rat’s pupil 
does not exist. Let us therefore consider in the first place what factors 
cannot be responsible for this paradoxical pilocarpine response and the 
reversal of it after denervation of the rat’s iris. The state of the muscles 
must obviously be excluded. It is true that the sphincter tone of the rat 
is greater than in the mammals whose pupillary reaction on the pilocarpine 
has been studied. It is also true that the rat’s pupil after section of the 
nerves becomes so dilated that the state of the muscles is essentially 
changed, but, as it has already been pointed out in the mouse whose pupil 
is as small as that of the rat, pilocarpine does not produce the paradoxical 
effect. Moreover no matter whether the pupil has been previously 
dilated by sensitization of the sympathetic or by cycloplegics, pilocar- 
pine does not produce a pupillary constriction, although the cocainized 
pupil, for instance, reacts to light. It is not probable that the primary 
dilatation is due to sympathetic stimulation or sensitization, because the 
pilocarpinized rat’s pupil as already indicated does not react to light. 
The possibility of the stimulation of the superior cervical ganglion must 
also be excluded, for the pilocarpine effect is sustained for a long time and 
appears too soon after local application. The possibility that the action 
of pilocarpine in the rat’s eye is essentially the same as in other mammals 
but requires huger doses in the normal eye, and perhaps only normal doses 
in the denervated eye, may also be eliminated. We have shown that even 
saturated solutions of pilocarpine cause a pupillary dilatation in the nor- 
mal eye of the rat. We feel therefore obliged to propose provisionally an 
hypothesis in order to explain these rather unusual effects of pilocarpine 
on the rat’s pupil. We assume that pilocarpine has a two-fold point of 
action in the rat’s eye. It undoubtedly must act on the contractile sub- 
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stance of the sphincter muscle. This is practically suggested by the ex- 
periments of Anderson and partly by the prompt constrictor action of 
pilocarpine in the denervated rat’s eye. Under normal conditions, how- 
ever, we assume that pilocarpine acts either by paralyzing the para- 
sympathetic nerve endings, or which is not probable, by sensitizing, or 
stimulating the sympathetic. This hypothetical substance receptive to 
pilocarpine, should it be located in the sympathetic or parasympathetic 
endings or in the myoneural junction, must be seriously injured after the 
section of the long and short ciliary nerves. This assumption would be 
contrary to all that we know about the physiology of the sympathetic and 
parasympathetic nervous systems. It usually takes a long time before 
the section of the nerves produces profound changes in the functioning 
of the nerve endings and myoneural junctions, so that, whereas we think 
that this conception, although unusual, is still a possibility, we want to 
call attention to another possible factor. It is well known that the iris of 
the rabbit, as shown by Kirpitschowa-Leontowitsch (1911) and the iris 
of the albino rat, as shown by Stepanow (1892) contain true ganglia. 
The reason why the existence of these cells has been doubted is solely the 
difficulty of the method by which they may be detected. Nothing is 
known about the function of these nerve cells in the iris. If we would 
assume therefore that the pilocarpine affects both the sphincter muscle and 
these ganglia, we may imagine that in the normal eye the action of pilo- 
carpine upon these ganglia overcomes the stimulating action on the 
sphincter muscle itself; but if all nerves leading to the inner eye are sec- 
tioned, it is possible that these ganglia cells are seriously injured and the 
action of pilocarpine on the circular iris-fibres prevails. Such a situation 
would be more in accordance with the current opinions among neurologists. 

The local action of nicotine is also worthy of consideration. The mere 
fact that the drug is active only in huge does suggests that we are dealing 
with the action of the drug directly on the muscle substance. After we 
paralyze the parasympathetic endings with atropin, so that the only pos- 
sible nervous mechanism which can cause constriction is put out of com- 
mission, the only assumption possible is that of the action of nicotine on 
the sphincter muscle itself. The dilatation in the normal eye may be due 
to the paralysis of the sphincter muscle. We also proved the existence of 
the local action of the spartein, for the drug is still active when we remove 
the superior cervical ganglia. The general belief was that the spartein 
acts through this ganglion. 

SUMMARY 


1. Pilocarpine in small concentrations as well as in huge doses produces 
a dilatation of the pupil in the normal eye of the rat. 

2. After section of the optic, the long, and the short ciliary nerves, 
pilocarpine constricts the pupil of the rat. 
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3. Huge doses of nicotine produce a pupillary dilatation in t 


and a pupillary constriction in the dilated eye of the rat. 


4. Strophantin and spartein both produce a pupillary dilatation of the 
rat’s eye. 
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The response of the avian pupil to various drugs has been studied by 
various authors. Zeglinski (1885) observed that physostigmin and 
nicotine produce a marked pupillary constriction, and Meyer (1893) 
studied a large number of drugs in reference to their action on the pupil 
of the pigeon. Meyer found that atropin does not produce the orthodox 
effect in the avian eye, but in large doses it paralyzes the entire iris mus- 
culature. He observed that pilocarpine is without any action on the pupil, 
and that nicotine not only constricts the pupil, but after ten to twenty 
minutes the pupil becomes dilated and remains so for a considerable period 
of time. He distinguishes between drugs which act on the oculo-motor 
endings in the sphincter muscle and those which act on trigeminus endings 
in the dilator muscle. It has been ascertained by the researches of Zeg- 
linski (1885) and Jegorow (1890) that the sphincter muscle of the avian iris 
is innervated by the third, and the dilator muscle by a motor branch of the 
fifth nerve. As might be expected the striated dilator muscle of the avian 
iris does not receive its nerve fibres from the sympathetic nervous system. 
Stimulation of the peripheral end of the cut cervical sympathetic nerve 
does not have any effect on the size of the pupil, as shown by Zeglinski and 
Jegorow. I was able to confirm their results in the pigeon as well as in 
the fowl. Meyer reports that curare paralyzes the oculo-motor endings in 
the sphincter, and hydrastinin stimulates them. Coniin paralyzes the 
trigeminus endings in the dilator, and spartein stimulates them. Nicotine, 
physostigmin, formaldehyde and digitalis act, according to Meyer, directly 
on the contractile substance of the iris musculature. 

So far as the reaction of the avian iris to light is concerned it is usually 
assumed that there is consensual pupillary reaction in the pigeon, in a bird 
with a completely monocular visual field, whereas in the owl a consensual 
response cannot be elicited (Hess, 1913). 

Experimental. Full grown normal pigeons were used in all experiments, 
and two alligators about ten inches long were used for comparative studies. 
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We found in accordance with previous investigators that homatropin 
and atropin have no significant effects on the pigeon’s pupils. We could 
not observe any definite effect on the size of the pupil by the administration 
of either pilocarpine or physostigmin. After the application of physostig- 
min the pupils seem to be smaller than their original size, but even in such 
eyes there was an alternate constriction and dilatation of the pupil. The 
dropping of larger doses of this drug into the conjunctival sac of the pigeon 
‘auses an acute physostigminal poisoning and in a half-hour the death of 
the animal. The drugs which dilate the pupil of the mammals because of a 
sympathetic sensitization or stimulation (cocain, adrenalin) have no effect 
on the avian iris. The most convenient drug to produce a maximal dilata- 
tion of the pigeon’s pupil is curare. Curare abolishes the otherwise 
prompt constriction of the pupil to light. Since the curare paralyzes all 
the motor nerve endings in a striated muscle, this drug proved to be of 
great value for differentiating drugs, that is, whether they act on the nerve 
endings or on the contractile substance of the muscle. Two to 10 per 
cent formol, 10 to 40 per cent nicotine, 4 to 10 per cent strophantin, and 
5 to 10 per cent spartein solutions were used locally, dropping the solution 
into the conjunctival sac. Veratrin was used in olive oil suspension. 
Formol produced first a constriction, then a pupillary dilatation which 
lasted for several days. The light reflex was abolished during this time. 
Nicotine produced a marked constriction of the pupil lasting for about an 
hour. Then followed a period of dilatation which, however, never be- 
comes maximal. Nicotine constricted the curarized iris of the pigeon, 
without exception. Strophantin produced similar effects. The local ap- 
plication of this drug causes first constriction and then dilatation, abolish- 
ing the light reaction. Similarly strophantin constricts the curarized as 
well as the nicotinized iris of the pigeon. The reaction of sparetein is just 
the reverse. We observed first a slight dilatation of the pupil, which in this 
state does react to light, and this was followed by a pronounced constriction 
which lasted for more than twenty-four hours. Veratrin by local applica- 
tion produced the effect which is in accordance with the general action of 
this drug on the striated muscle. It is well known that the normal pupil 
of the pigeon dilates and constricts alternately more rapidly and to a 
greater extent than the mammalian pupil. After the application of 
veratrin these possibly voluntary movements become even more vigorous 
for a few seconds. Then the pupil constricts and remains in a state of 
contracture for several hours. During this time the light reaction is 
abolished. Veratrin produced the state of contracture in the curarized, 
strophantinized and nicotinized eyes. In order to ascertain whether 
strong irritating stimuli do not produce constriction as a general reflex 
effect, we applied very strong acetic acid solutions (2 to 30 per cent), and 
cantharidine on the pigeon’s eye. We found that all of these irritants, 
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although they apparently cause a marked stimulation, were without any 
effect on the size of the pupil. 

As already indicated, we observed a consensual reaction in the pigeon 
and in the fowl, and we obtained doubtful results in the owl. We were 
therefore interested to see how the alligators behaved in this respect, and 
found that we were able to elicit repeatedly a definite consensual light 
reflex in both alligators. The alligator iris reacts to the above drugs 
similarly to the iris of the pigeon, but we could not elicit any very pro- 
nounced veratrin contracture. 

Discussion. We were able to corrobrate several results obtained by 
Meyer; on other points we extended his observations. Meyer apparently 
did not notice the very marked constriction which follows after the initial 
dilatation produced by spartein. By curarizing the iris of the pigeon we 
were able to remove all the motor impulses which could regulate the size 
of the iris. It is quite interesting to note that paresis of both the oculo- 
motor and trigeminus nerve endings results in a maximally dilated pupil. 
Assuming that the nerve endings of both muscles are equally affected by 
curare, it seems that the intrinsic tone of the dilator muscle overcomes the 
tone of the sphincter muscle. At any rate, by this method we were able 
to show which drugs act on the nerve endings and which act on the muscle. 
It is surprising to see that apparently most of the drugs examined act on 
the muscle directly. Meyer denied any effect of veratrin on the pupil of 
the pigeon. This must have been due to his failure to administer the drug 
in the usual olive oil suspension. The action of veratrin on the pigeon’s 
pupil is a very significant one, because it shows that the iris muscle of the 
bird behaves essentially as any other striated muscle. So far as our results 
on the consensual pupillary reflex are concerned, it suffices to state that 
there is apparently no direct relationship between the incomplete decus- 
sation of the optic fibres in the chiasma and the consensual pupillary light 
reaction, because in the pigeon as well as in the alligator the decussation is 
complete, and still a consensual light reflex is present. It may be pointed 
out that these experiments establish a new physiological similarity between 
the reptiles and birds. Whether or not this suggests a phylogenetic rela- 
tionship can be but a conjecture. 


SUMMARY 


1. Formol produces a constriction and then a very marked dilatation 
of the pigeon’s pupil. 

2. Curare produces a maximal dilatation of the pupil with abolition 
of the light reflex. 

3. Strophantin and nicotine first constrict and then dilate the pupil. 
In other words, they stimulate and then paralyze the sphincter muscle. 
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4. Spartein produces an evanescent dilatation and a subsequent 
constriction. 

5. Veratin produces typical contracture of the iris musculature. 

6. There is a consensual light reaction in the pigeon, fowl and alligator. 
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Some two years ago while studying the effects of the ingestion of methyl- 
ated xanthines upon purine metabolism? we found, using Benedicts’s (1 
direct method, decreases in uric acid when sterile blood samples were al 
lowed to stand before deproteinization. 

Although the literature contains many conflicting reports as to the 
breakup of uric acid in man we suspected its destruction by an uricolytic 
agent. In such an event the reaction should be more rapid at body tem- 
perature and we therefore attacked the problem by way of repeated analy- 
ses on incubated human blood. 

Metuops. Blood samples were obtained by venepuncture under aseptic 
conditions with lithium oxalate as the anticoagulant. Blood samples 
were deproteinized with the Folin-Wu (2) tungstic acid reagent. For the 
direct determination we have followed Benedict’s method (1) in detail, 
and the Benedict-Hitchcock (3) procedure for preparing the uric acid 
standards. For the indirect determination we have used the procedure 
employed by Bullmer, Eagles and Hunter (4). 

In order to rule out any possible action of microérganisms we made 
control cultures from all blood samples and results obtained from con- 
taminated samples have not been included in the data. 

The results of our first series are shown in table 1. 

Our second series, on the same subjects, extended over a much longer 
period in order to determine the extent of the destructive process. 
It can readily be seen that in all cases there has resulted a decrease 
(from 21 to 33 per cent in eight days) in the substance, or substances, which 
react with the arseno-phosphotungstic reagent to produce the color. In 
this series it can be seen (table 2 and chart 1) that in case of subjects H. 
W.. H. R. and E. B. this decrease occurred rapidly, in contrast to subject 


1 This work was supported by a grant from the Research Board of the University 
of California. 

2 For a report of the effects of the oral ingestion of caffein and theobromin 
see this Journal, Ixxvii, 491. 
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J. W. In no case was there a significant decrease after the 
maximum apparently being reached sometime between the second 
fifth days. The entire decrease (21 per cent) in the case of H. W. 
reached by the second day. More important than these individual 1 
tions in the rate of destruction was the suggestion that there was a 
to the reaction. These findings suggested either the inactivation of an 
uricolytie agent or the presence of more than one color-producing 
substance. 

In order to definitely rule out the action of an uricolytic agent, the next 
series of experiments included a study of the effects of inactivation (56° 

TABLE 1 


s of incubation o color-producing § 


direct meti 


APRIL 16, 1924 
IMMEDIATELY AFTER 
OBTAINING BLOOD 
SAMPLE 


EXPERIMENTAL SUBJEC 


mgm 


TABLE 2 


Effects of incubation on the color-producing substances (uric acid) in human 


dire ct method) 


DATE OF DETERMINATIONS 
EXPERIMENTAL 
SUBJECT 


November November December December 
28, 1924 30, 1924 3, 1924 6, 1924 


mgm mgm | mgm. mgm 


for 30 minutes and refrigeration (4 to 11°C.). Under these conditions 
color production by the direct method was also contrasted with that 
produced by the following indirect procedure: 

Five cubic centimeters of 5 per cent silver lactate were added to 10° 
ec. of the protein free blood filtrates without stirring and the mixture 
centrifuged until clear. After decanting the supernatant liquid, the silver 
residue was thoroughly mixed with 1 cc. of the acid sodium chlorid reagent, 
and 9 ec. of water added. After centrifuging, the supernatant liquid was 


3 If necessary, 5 cc. of the filtrate may be used,—in fact, this is the amount of 
filtrate taken by Bullmer, Eagles and Hunter (4). 


APRIL 18, 1924 
A} 48 HOURS 
E. B. 4.4 | 4.0 9 
H.R 5.7 5.5 
H. W ey 5.3 4.7 11 
IW 5.8 5.4 7 
of f 
2 days Sa 
ee per cent per cent 
E. B 3.1 27 | 32 2.4 13 24 
H.R 3.6 3.0 2.5 2.4 17 33 
H. W 4.2 3.3 3.3 3.4 21 94 
5.4 4.7 4.4 3.9 6 21 
| 
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decanted directly into the pyrex tube used for developing the color. The 
remainder of the procedure (reagents, heating, comparison, etc.) was iden- 
tical with that for the direct method. We were also careful to compare 
simultaneously the corresponding direct and indirect samples with the 
same standard. 

The results of the series are given in table 3. 

The direct analyses show decreases in the incubated samples similar 
to those observed in the earlier series, while inconsistent results were ob- 
tained after inactivation and refrigeration. The indirect method, in all 
cases, shows little or no change in the amount of color-producing substance. 
All of these considerations speak against the loss of color producing sub- 
stance having been due to enzymic action. 


WHOLE 
BLOOD 


NOV.26-DEC.6,1924. 
Chart 1 


In February, 1925, Bullmer, Eagles and Hunter (4) reported work in 
which they concluded that: “there is a substance other than uric acid in 
the blood of the rabbit, dog, cat, guinea pig and ox, which interferes with 
any direct method for the estimation of uric acid in such bloods; the same 
or like substance is present in variable amounts in human blood” and in 
commenting on the general properties of this material state that: ‘The 
substance is characterized by the facts that: (a) it is not precipitated along 
with uric acid from protein free filtrates by silver lactate, . . . . and 
(c) it practically disappears from blood on standing.” 

In October, 1925, Hunter and Eagles (5) reported the isolation and analy- 
sis of material (called ‘substance X’’), obtained from pig blood which 
reacts with the uric acid reagent. 

Bornstein and Griesbach (6) suggest that there is present in the red 
corpuscles an agent which is responsible for either an increase or a decrease 
in uric acid. They also suggest that oxalate is toxic to this agent and they 
therefore used defibrinated blood. In 52 pathological cases they reported, 
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TABLE 3 
y ‘ incubation, inactivation and refrigeration on the color-producing substances 
Effects of incubation, ctivat 1 gerat th lor-prod bat 
‘uric acid) in oralated human blood 


| 
URIC ACID 


REMARKS 


Direct | Indirect 


1926 mgm. | mgm. 
February 20...| E. B. 27 | .9 | Immediately after drawing blood 
February | E 2.4 .O | Sampled incubated 48 hours 
February 22...| E. B. 2.3 | .O | Sample inactivated* and incubated 48 
| hours 
February 22...) E. B. ee i 2. Sample refrigeratedt 48 hours 
February 27...) E. B. b- .6 | Sample incubated 7 days 


February 
February 2: 
February 


Immediately after drawing blood 
| Sample incubated 48 hours 
| Sample refrigerated 7 days 


bt bo 


February 
February 
February 
February 


Immediately after drawing blood 

| Sample refrigerated 48 hours 

| Sample incubated for 7 days 

Sample inactivated and incubated for 7 
days 


bt 


March 10 
March 10.. 
March 13 
March 13 
March 20...... 
March 20 


ad 


Immediately after drawing blood 

Inactivated and incubated 5 hours 

Sample incubated 72 hours 

Sample refrigerated 72 hours 

Sample incubated 10 days 

Sample inactivated and incubated for 
10 days 

Sample refrigerated 10 days 


and 


bo 


March 20 


March 10 
March 10 


| Immediately after drawing blood 

| Sample inactivated and incubated for 5 
hours 

Sample incubated 72 hours 

| Sample refrigerated 72 hours 

| Sample incubated 10 days 

| Sample inactivated and incubated for 10 

| days 

| Sample refrigerated 10 days 


March 13 
March 13 
March : 
March : 


No 
to bo to 


bo 


March 


March 31 
March 31 
April 10....... 
April 10 


| Immediately after drawing blood 
| Sample inactivated 
Sample incubated 10 days 
Sample refrigerated 10 days 


bo 


~ 


DATE 
| 
2...) HW.| 3.2 | 
H.W.| 40 #2 
| | | | 
20...) 5.W. | 3.5 | 
22...15.W. | 3.8 | 3 
27...) J.W. | 2.4 
27...) | 3.2 | 
| | 
| 
3.9 | 93 | 
| R.A. | 3.8 | 
| R.A.| 3.8 |] | 
| R.A. 
| R.A. | 
| 
_ M.s.| m2] 22 | 
m3} 21 
| 
M. 8. | 
1 
2 
MLB .2 
M.S.| @4 | 2.1 
| | 
|B.L. | 9.3] 1.0 
21 382 
| B.L. s | 1.4 
2.2 1.2 
! 
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REMARKS 


mgm 
April 10..... 5 Bas d Sample inactivated and incubated for 
10 days 
March 31..... Immediately after drawing blood 
March 31.... be Sample inactivated 
R. : Sample incubated 6 days 
B. BR. 2.6 Sample inactivated and incubated 6 
days 
Apri 10.......1 : 1 Sample refrigerated 10 days 


* Samples inactivated by heating for 30 minutes in a constant temperature bath 
at 56°C. 

+ Incubator temperature 37 to 38°C. 

t Refrigerator temperature varied between 4 and 7°C. 


TABLE 4 
The effects of incubation, inactivation and refrigeration on the color-producing 


substances (uric acid) in defibrinated human blood 


URIC ACID 


Direct | Indirect 


mgm. mgm. 


March 31 2 1.4 | Immediately after defibrination 
April 6.......] M.W.| 1.7 | 0.9 | Sample incubated 6 days 
1 1.1 Sample of oralated blood which had been 
| incubated 6 days 
April 6 }M.W.| 2.2 | Sample inactivated (30 minutes) and 
} incubated 6 days 
April 10 |M.W.| “3.2 | Sample refrigerated 10 days 


April 


April 14 Ao? | 5 K Immediately after defibrination 

April 14 ee 2 23 i 2. Part of above sample after 2} hours’ in- 
cubation 

April 16 ee | 2.8 | Sample stood at room temperature 
(16-20°C.) for 48 hours 

April 16 oe a | 2.5 | Same sample as above after 2} hours’ 
incubation 


(using the Folin-Denis (7) indirect method), the following extreme 
variations: 
23 cases in which the uric acid decreased after incubation 


13 cases in which the uric acid increased after incubation 
and 16 cases in which there was no change 
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URIC ACID 
ATE SUBJECT 
Direct Indirect 
DATE SUBJECT i a) REMARKS 
1926 
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In the cases reported in table 4 there is no evidence to show that the 
uric acid changes in defibrinated blood are different from those observed 
in oxalated blood. 

TABLE 5 
Direct and indirect determinations if the color-prod uc 


man blood 


Ave 2.6 5 Sample inactivated 


ibated 7 days 
April 6....... R. ) 3) 1. le incubated 7 days 
10. ...... R. le refrigerated 10 


5 | Sample inactivated and 
incubate d 7 days 

April M. Sample incubated 7 days 

April M. W. é 3 Oxalated blood, incu- 
bated for 7 days 

2.6 39 | Sample at room tempera 


turet 7 days 


April M.W.| 3.: ¢ 9| Sample refrigerated 10 


aays 


April 14........) ©. P. 3.3 3 | +0.2) 5 | Immediately after draw- 
ing blood 

April 16 a 3.: a | Sample at room tempera- 
ture for 2 days 

Borst 3.4 | Same as above plus 2} 

| hours’ incubation 

.P. | 6 5| 25 | Sample at room tempera- 
ture for 5 days 

4 .1 | —1.9) Same as above plus 2} 


hours’ incubation 


April A: | | Immediately after de- 
fibrination 
April 2 | | Sample at room tempera- 
ture for 2 days 


April 16 Same as above plus 2} 
hours’ incubation 
A, 3.5 | 2.6 .3| 9 | Sample at room tempera- 
| ture for 5 days 
3| Same as above plus 2} 
hours’ incubation 


| 
RIC ACID 
( ERENCE 
DATE SUBJECT ‘THI E EEX 
SINE \ ( 
Direct 
1926 mgm mgr mon mon 
davs 
| | 
} 
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TABLE 5—Concluded 


URIC ACID | 
DIFFERENCE | 

SUBJECT | | | BETWEEN REMARKS 
A jA and (B+C 


Direct | direct 


| 
1926 mgm. | mgm, mgm, mgm. 


April 21 H. 1.9 .2| Immediately after draw- 
ing blood 

H. 5. 3. ; 3 | Serum from same blood 
| sample as above 

3.2] 0.5] 38 | Serum incubated 22 hours 
April 21........1 M. B. | Immediately after draw- 
ing blood 

April 21 M. B. .8 3} .6| 21 | Oxalated plasma from 
above blood 

M. B. 5 | | Plasma incubated 22 
hours 


* Blood from subject M. W. and A. P. defibrinated by shaking with glass beads 
—slight hemolysis in each case. 

t Room temperature varied between 16 and 22°C. 

¢ Color too weak to read. 


Benedict (8) has recently isolated a substance (‘‘thiasine’’) which is 
precipitated from the protein free blood filtrates by silver lactate and is 


responsible for a portion of the color developed in the direct method. 
He states that: “In the presence of cyanide as the only alkali, and using 
the reagent and technique described by one of us (1), one part of uric acid 
yields a color equal to that given by 7.5 parts of thiasine. Mixtures of 
uric acid and thiasine in any proportion yield a color equal to the sum of 
the two when determined separately by the above technique.”’ 

Table 5 contains a number of cases in which direct, indirect and “thiasine”’ 
determinations were made: 

Concerning this new substance Benedict (8) states that: ‘“The thiasine 
content of pig and human bloods remains practically or wholly unaltered 
through some days of standing, providing putrefaction or hemolysis has 
not occurred.”” The decrease in the thiasine content may account for the 
decreased direct values observed when blood samples are inactivated, 
incubated or allowed to stand for several days at room temperature but 
it does not explain the differences between the direct and the indirect plus 
thiasine, see table 5. 

In the analytical procedures employed in the experiments reported in 
this paper we have attempted to reduce the “personal equation” to a 
minimum by arranging the work so that one of us (A. A. de L.) made the 
colorimetric readings while the other (G. W. C.) prepared the filtrates and 
standards. Unknowns, including the duplicate determinations, were so 
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numbered that the individual making the colorimetric readings had no 
exact information of the color value of the samples. In spite of all pre- 
cautions our duplicates usually varied about 5 per cent. It is evident that 
in a series of determinations on the same lot of blood one value might 
be a plus 5 per cent and that another might be a minus 5 per cent—and the 
comparative error might therefore be as much as 10 per cent. 


SUMMARY 


Our experiments with human blood indicate that: 

1. Refrigeration (4 to 11°C.) is effective in preventing a loss of the 
color-producing substance, or substances (uric acid), as determined by the 
direct method. 

2. Incubation (at 37°C.), inactivation (30 minutes at 56°C.) with sub- 
sequent incubation, or standing at room temperature for several days 


results in a definite but limited loss of the color producing substance, or 
substances (uric acid), as determined by the direct method. 

3. In contrast, the indirect method yields constant results (within ex- 
perimental error) under the same varied conditions. 

4. Separation of the color producing substances into two groups (precipi- 
tation with silver lactate and subsequent treatment with acid sodium 
chlorid) and determination of the color value of each group fails, in many 
blood samples, to give values (indirect plus “thiasine’’) equal to those 
obtained by the direct method. 

It would appear that in the present direct method (1) for uric acid we 
are dealing with no less than 3 groups of color producing compounds: 
a, the “substance X”’ reported by Bullmer, Eagles and Hunter (4), (5), 
which is not precipitated by silver lactate from protein free filtrates; 
b, the “thiasine” reported by Benedict (8) which is precipitated by silver 
lactate and is insoluble in the acid sodium chlorid; and c, uric acid, per se (?) 
which is precipitated with silver lactate along with “thiasine,” from which 
it is subsequently separated by treatment with acid sodium chlorid. A 
recent paper by Brown (9) indicates that not all of these substances react 
with the unheated uric acid reagent. 
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It has been shown recently (Marshall, 1926) that the minute volume of 
the unanesthetized and unoperated dog is not altered by large changes in 
the pulse rate. This result is not in accord with the assumption that car- 
diac output responds directly to variations in the pulse rate. 

Studies of the relation of pulse rate to the minute volume of dogs have 
been made, but always under anesthesia, and usually with severe operative 
complications. Robert Tigerstedt (1892) applying the stromuhr devised 
by Ludwig to curarized rabbits, obtained no constant relation between 
pulse rate and minute volume providing the pulse rate differences were 
moderate in degree. With larger pulse rate differences the minute volume 
was found to be smaller with decreased rates and larger with higher rates. 
Roy and Adami in the same year found in cardiometric experiments on 
dogs that vagus stimulation reduced the output 30 per cent or more. 
Stewart in 1897 concluded from observations upon dogs anesthetized with 
morphine and ether, chloroform or A. C. EF. mixture, that cardiae output 
might vary with constant pulse rate, orremain constant during considerable 
variations of pulse rate, while with greatly increased rates the output 
might even diminish. Henderson (1906) determined the output by volume 
curves in 45 dogs under morphine and ether, and found that it was propor- 
tional to pulse rate within normal physiological limits. Above a maximum 
pulse rate (120 per minute) the output became stationary or decreased. 
Carl Tigerstedt (1922) working with rabbits demonstrated that with 
moderate decreases in pulse rate due to vagus stimulation (30 to 40 per 
cent) minute volume did not vary. Bock and Buchholtz (1920) with 
Stewart’s (1897) injection method determined that in dogs anesthetized 
with morphine and urethane, vagotomy raised pulse rate, but had no con- 
stant influence upon the minute volume. Applying the x-ray to a deter- 
mination of the diastolic heart size of morphinized or etherized dogs, Meek 
and Eyster (1922) concluded that with rising venous pressure and aug- 
mented inflow the cardiac minute volume may be increased by a longer 
systolic stroke as well as by a more rapid rate. 
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These findings suggest that the discrepancies may depend on differenc 
in experimental technique, more especially in the method of measur 
output, the anesthetic used, and the degree of operative shock to wl 
the animals were subjected. For this reason experiments were u 
upon dogs, which were given two types of anesthesia, and which suffered 
only a moderate degree of operative insult. The minute volumes wer 
determined by the same method as was used in experiments on unanes- 
thetized dogs. 

The present report is limited to observations upon the minute volt 
as influenced by changes in pulse rate in 21 dogs. The experiments are 
grouped according to the anesthetic used. Three animals were given 
morphine, 1.5 to 2 grains subcutaneously; a fourth, pantopon, 181 mgm 


Fourteen animals received urethane by mouth, 1 gram per kilo body weight 


and pantopon subcutaneously, 5.5 mgm. per kilo. There are three control 


animals which received only morphine, and which underwent no experi- 
mental procedure beyond collection of blood and air samples over a period 
of time. 

The output of the heart was determined by the Fick principle, whereby 
the oxygen utilized in cubic centimeters per minute divided by the oxygen 
difference between venous and arterial blood represents the volume flow 
through the lungs per minute. 

Administration of the anesthetic preceded by at least one hour all 
operations. A tracheotomy tube was inserted to facilitate the collection 
of expired air. A cannula in the right femoral artery communicating with 
a mercury manometer was arranged for blood pressure records. The 
left femoral artery was exposed for obtaining arterial samples of blood, 
and the vagi were exposed, later to be divided. Rectal temperatures were 
read, body heat being maintained by high room temperature. 

The rate of heart beat was increased by double vagus section, and sub- 
sequently decreased by faradic stimulation of the peripheral stump of the 
right vagus. Three values were sought in each experiment, one before 
vagus section, slow pulse, one after vagus section, rapid pulse, and one 
during stimulation of the cut right vagus, slow pulse. The third figure 
was returned as nearly as possible to the original value. In order to keep 
this rate constant it was necessary to watch the kymographic record 
throughout stimulation, regulating the amount of current by means of a 
sliding coil. In four of the urethane series, the three points were reversed, 
so that the first determination was made after vagus section with a rapid 
pulse rate, the second after stimulation with a slower pulse, and the third 
during release of stimulation, the pulse again becoming rapid. This 
reversal it was believed would reveal and eliminate any error in the actual 

1 The severely depressant effects of morphine upon the respiration led to the.use 
of pantopon because of its content of the stimulating alkaloids of opium. 
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response of the animal due to a progressively depressed condition dependent 


on the experimental procedures. No determinations were made within 


TABLE 1 


Controls under morphine 


| | 
| | DIFFER- RESPIRA- 
| PULSE OXYGEN | RESPIRA- 
DOG MINUTE * ARTERIAL ENCE | TORY 
SEX WEIGHT | RATE PER| USED PER | TION PER | 
ZEN | J RIO- 
NUMBER VOLUME MINUTE | MINUTE | XYGEN | pase ras MINUTE | RATE PER 
| ED | 


| 


MINUTE 


| 

liters .. = s | vol liters 
per cent per cent 


82 7 19. 2.65 2.10 
13 7 7 19.8 04 
.20 


TABLE 2 
Experiments under pantopon or morphine 


| 

PULSE OXYGEN | 
N 

OXYGEN | 

MINUTE | MINUTE — 


RESPI- 
DIFFER- | RESPI- 

A - RATOR 
— ENCE | RATION | ao 
ARTERIO-| PER 

yENOU! MINU’ 
VE 8 | MINUTE | 
| 
volumes | tolumes liters 
per cent | per cent 


24. 4.25 
25. 


70 | 18.37 
68 | 16. 
(68) | 18.09 


131 
156 100 


48 63 
184 88 


110 
120 


fifteen minutes after vagus section, by which time the pulse rate and blood 
pressure had attained a stable level. 


Expired air was collected in a 30-liter Douglas bag, and samples were 
taken over mercury and analysed by Henderson’s modification of Hal- 


kilos | 
T7 | | 16.22] 2 16 
2 16 
2 | 16 
| 
| 
T8 16.6 | 1.54 | 52 | 97 | 28.74 | 6.30 | 3.06 | 24 
1.51 | 60 92 | 24.84 | 6.10 | 2.92 | 24 
eae 54 | 88 haw 6.70 | 2.97 | 26 
T9 | 9 |15.1 | 1.84] 72 | 68 | 20.09 | 3.70 | 2.41 | 44 
1.44 | 62 | 68 | 20.09 | 4.70 | 2.43 | 18 
1.19 | 63 | 64 | 19.77 | 5.38 | 2.58 | 20 
| 
| 
kilos liters ce, | | mm. Hg 
T19| ¢@ | 18.1 | 2.54 | 66 | 108 | , | 2.71 | 20 | 124 
2.38 | 168 | 117 | | 3.08 | | 122 
2.56 96 123 | 4.80 | 3.44 | 129 
T3 13.2 | 1.24] 52 | 5.65 | 2.88 | 16 
1.12 | 174 | 6.05 | 2.79 | 16 
1.23 55 | 5.55 | 
T4 | & | 15.1 | 2.50 | 15.22 | 5.22 | 3.31 | 20 
2.13 | 14.82 | 4.70 | 2.85 | 12 
| 
T18| ¢ 8.1 | 1.35 | | 21.19 | 4.67 | 2.47 | 20 | 
0.92 | | 21.57 | 9.56 | 5.39 | 
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dane’s method. The total quantity of air expired was measured by a wet 
meter, and the volume corrected to.standard conditions of temperature 


TABLE 3 
Experiments under urethane—pantopon 


| PU oxy- rFER- RESPI- 
| PULSE Y- _ | DIFFER-| pgpr- ESPI 
UTD RATE GEN ARTE- | ENCE | pation | BATORY | BLOOD 
VOL- PER USED RIAL AR- -aR RATE PRES- 
MIN- PER | OXYGEN | TERIO- PER SURE 
NU 
MINUTE venovs| “NCTE | 


DOG NUMBER | WEIGHT!) 


kilos | liters | °C. columes | volumes liters mm. lig 
per cent per cent 
| 
23.94 | 5.55 | 2.11 2 


47 1.93 


50 
5.15 


T 28 


TE Ill 


| 
| 
| 
| | 
a 
| 
| | 1.28| 120 | 57 | 23.49| 4, | 12 
T 12 | | s 76 | 52 | 20.10 1.68} 16 | 102 
| | 1.04 | 194 | 64 | 20.69 | € 1.62 8 130 
| 1.00; 72 | 64 | 22.38] 6.38] 1.62 8 98 
| | 
T 13 a | 9.98} 2.00 | 120 60 18.79 | 3.00 1.89 10 111 
| 2.25] 198 | 62 | 20.99 | 2.75] 1.56 122 
| | 1.32] 68 | 56 | 19.44| 4.24] 1.53 100 
| | 
T 14 | | 10.74| 1.90 | 140 | 91 | 16.44] 4.80} 2.93] 24 90 
| 12.29] 220 | 94 | 16.59| 4.10! 2.66| 16 92 
| | 1.64} 92 | 86 | 16.44|5.25| 2.54] 16 | 80 
| | 
T 15 | | 10.10} 1.32 | 265 | 83 | 15.69 | 6.83] 2.85| 20 64 
| | | 0.92 | 145 | 69 | 16.34| 9.00] 2.86] 20 48.8 
T 16 | | 10.00] 1.73] 110 | 69 | 18.79| 4.00] 1.95} 12 | 104 
| 1.60 | 216 | 74 | 19.49/4.65| 1.88] 12 | 80 
| | | 1.05} 52 | 70 | 15.69| 6.69| 2.36] 12 | 56 
Til | 11.00} 0.99| 78 | 67 | 21.69| 6.75] 2.75] 14 | 126 
| 2.08 | 210 | 74 | 21.64|3.55/ 2.44] 12 | 124 
1.11 | 76 | 67 | 21.74| 6.05] 2.41 | 14 | 9% 
| 
| 1.33 | 1.62] 136 | 76 | 21.89| 4.70] 1.54) 11 | 120 
| 1.72| 86 | 74 | 22.39 | 4.30 | 1.60 | | 96 
| 
a Jo | 9.7 | 1.54} 162 | 70 | 20.90 | a | 1.3 | 10 | 129 
}0.98 | 80 | 65 | 21.10 | 6.62 | 1.29 | | 117 
1.67| 138 | 71 | 21.12 | 4.27 | 1.36 | | 135 
| 
TE IV 8.2 1.31 | 72 | 45 | 18.10 | 3.43 | 2.53 | 12 | 103 
1.59 | 158 | 47 | 19.50 | 2.97 | 2.87 | | 120 
| 1.13 | 158 | 41 | 19.62 | 3.64| 2.42 | | 110 
| 
TEV 10.00} 3.60 | 228 | 90 | 15.50 | 2.49 | 4.90 | | 172 
1.60} 96 | 72 | 15.60} 4.50 | 3.29) | 132 
2.55 | 240 | 84 | 15.90 | 3.35 | 4.55 | | 146 
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TABLE 3—Co 


11.90 
88 
108 


76 

79 

78 | 17 

137 | 20 20 | 14.5 

27 | 19 20 8.82 

145 | 20.: 60 | 10.03 

and pressure. Collections usually extended over 6 to 8 minutes. When 
the collection had been in progress three to five minutes, venous blood was 
drawn from the right ventricle with a three inch 20 gauge needle into a 
10 ce. Luer syringe containing a little oil and powdered potassium oxalate. 
If any question arose whether the blood had been drawn entirely from the 
right ventricle, another sample was taken. Immediately a sample of 
arterial blood was drawn from the femoral artery and all samples kept 
under paraffin oil on ice until analysis on the same day by the Van Slyke 
apparatus. Blood pressure records and pulse rate determinations were 
made during the blood collections. An average of the pulse rates recorded 
graphically throughout the whole period of expiration into the Douglas 
bag was taken. 

The animals were killed with ether after the end of the experiments and 
autopsies were done to determine the location of puncture holes in the 
heart and the amount of blood extravasated into the pericardium. When 
present, this never amounted to more than 8 cc. and was usually less than 
5 ec. The weights of the animals and their hearts were recorded. The 
total experimental period did not exceed 1 hour 51 minutes and averaged 
1 hour 10 minutes. 

The results of the experiments are given in tables 1 to 4. In addition 
to minute volume and pulse rate, the figures are included for oxygen ab- 
sorption in cubic centimeters per minute, arterial oxygen in volumes per 


cent, arteriovenous oxygen difference in volumes per cent, respiration in 
liters per minute corrected to standard temperature and pressure, respira- 
tory rate, blood pressure and weight of dogs in kilos. 

The minute volume of the morphine controls decreased in all cases 15 
per cent to 35 per cent, while the pulse decreased or increased as much as 
13 per cent (table 1). 
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PULSE OXY- DIFFE RESPI- 
DOG NUMBER SE W EIGHT PI USED RIAL \TE PRES- 
M PEE OXYGEN PER SURI 
M MIN I 
MINUT! ENOUS MIN I 
kilo liter lit Hg 
TE VIII 15.84 | 3.37 3.06 18 78 
15.22 | 4.15 2.86 68 
15.20 | 3.30 3.54 76 
| | 
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Section of the vagi in the case of animals under morphine 


by an increase in the pulse rate 169 per cent to 283 per cent, while th 


minute volume decreased 6 per cent to 31 per cent. If this group is com- 


TABLE 4 


Urethane 


0.445 


0.580 


3s] 
was followed 
SUMBER IGHT OF SUF ACE 
HEAE AREA re lar 
T 12 53.0 150 59 
130 1.Ss 
SS.0 0.525 295 9 55 4 30 
132 1.50 2.52 
T 14 10.74 54.5 0.540 213 4 20 4 95 
154 3.01 3 04 
T 15 10.10 52.0 0.525 132 9 dl 9 57 
92 1.76 1.75 
T 16 10.00 73.0 0.525 237 2.a¢ 3.30 
105 1.44 2.00 
T 11 11.00 78.0 0.551 113 1.2> 1.77 
T 28 13.30 90.0 0.618 122 i.SO 2.02 
129 1.90 2.78 
TE III 9.70 75.0 0.505 100 1.30 1.94 
172 2.268 3.30 
TE IV 8.20 59.5 0.450 194 2.65 3.54 
60 138 1.84 2.52 
TE V 10.00 73.0 0.525 360 4.94 6.86 
160 2.19 3.05 
TE VIII] 11.90 81.0 = 178 2.62 3.67 
214 4.05 5.65 
TE IX 10.20 68.0 0.523 372 5.51 7.20 
118 1.77 2.30 
TE X 18.5 129.0 0.780 176 2.54 4.18 
165 2.34 3.87 
i 
| [ 
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TABLE 4—Concluded 


| | MINUTE VOLUME 


WEIGHT OF | SURFACE 
| HEART | AREA 


DOG NUMBER WEIGHT 


Per square 
meter surface 


Perkilo | Per 100 grams 
area 


eart 


Pantopon or morphine 


grams sq.m. ce liters 


118.0 | 0.750 131 2.02 
144 2.18 


82.0 94 1.52 
85 6 


165 
140 
179 
113 


pared with the preceding, the minute volume is seen not to have altered 
significantly in response to increasing pulse rates (table 2). 

With urethane and pantopon, section of the vagi in two cases (expt. 
TT 16, TT 12) led to a pulse increase of 96 per cent and 155 per cent, the 
minute volume being lowered 7 per cent and 11 per cent, respectively. Of 
the remaining ten experiments, one (expt. TE IX) showed a pulse change 
of 140 per cent, the minute volume gaining only 8 per cent, while in the 
rest pulse rates increased 57 per cent to 170 per cent, minute volumes 12.5 
per cent to 144 per cent. Values falling within a limit of plus or minus 
10 per cent are not considered to be significant, due to the probability of 
experimental error (table 3). 

Of twelve experiments the minute volume increased markedly with 
increased pulse rates in nine, a situation quite opposed to that in tables 1 
and 2. The three which failed of such response behaved in the same 
manner as the experiments in table 2. 

No relation is observed between the degree of pulse rate and minute 
volume changes. There is no correlation between pulse rate, minute 
volume and blood pressure, nor between any two of these variables (tables 
1, 2, 3). 

Body weight, weight of heart and surface area as determined by Meeh’s 
formula using Rubner’s constant, do not show a direct relation to the 
minute volume of the heart (table 4). 

When compared with similar experiments of other workers these results 
may be divided into two types. The first group, in which the dogs were 
anesthetized with morphine and where changes in pulse rate had no effect 


] | 
382 
| kilos | liters 
T 19 | 18.1 | 3.19 
| 3.40 
| 
73 ms 4 2.00 
| | | 1.80 
T 4 | 15.1 | 90.0 | 0.680 | 3.12 3.68 
| 2.63 3.13 
| | 
T 18 8.1 | 49.0 0.449 | 2.75 3.01 
| 1.88 2.40 
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on the minute volume, corresponds with the behavior of unanesthetized 
dogs as studied by Marshall. Harrison, Wilson and Blalock (1925) ob- 
served a similar lack of relation between pulse rate and minute volume in 
morphinized dogs. Robert Tigerstedt, Stewart, Carl Tigerstedt, Bock 
and Buchholtz employing different methods in every case, obtained results 
of the same type. 

The second group comprises the results of experiments where urethane 
was used as an anesthetic, in which changes in pulse rate were definitely 
associated with like changes in minute volume. Preéminently, the work 
of Yandell Henderson represents this class. 

It is apparent that the difference between the two types of our results 
depends upon the anesthetic used. The administration of urethane in 
the majority of instances alters in some way the reaction of the dogs to 
vagus section and stimulation. 

Such considerations make it clear that in dogs subjected to changes in 
vagus influence, minute volume determinations obtained under urethane 
anesthesia cannot be assumed to hold for normal unanesthetized dogs. 


SUMMARY 


Changes in the pulse rate of dogs under deep morphine anesthesia 
brought about through vagus influence (section and stimulation) exert no 
apparent effect upon the output of the heart. On the other hand, under 


urethane and pantopon anesthesia, the output of the heart may be 
markedly changed by similar changes in pulse rate. 


We wish to acknowledge our indebtedness to Doctor Marshall, under 
whose guidance this problem has been undertaken, and to express our 
appreciation of his unfailing interest. 
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In.an extensive review of the work done on the formation of bile pigment, 
tich (1925b) concludes that the data presented do not justify definite 
conclusions in regard to the site of formation of bilirubin. Since the 
publication of this review other contributions have been made to the 
subject. Ernst and Szappanyos (1925) reported the formation of bilirubin 
following the injection of hemoglobin into the perfused, asphyxiated 
spleen. Mann, Sheard and Bollman (1925), and Mann, Sheard, Bollman 
and Baldes (1926), by the use of the spectrophotometer, were able to show 
that bilirubin is formed in the spleen, bone marrow and liver. Melchior, 
Rosenthal and Licht (1925) studied the development of bile pigment fol- 
lowing removal of the liver and following the injection of toluendiamin 
into normal and dehepatized dogs. They removed the liver from dogs, 
employing the method described by Mann (1921), and observed the ap- 
pearance and accumulation of a yellow pigment in the urine, plasma and 
fat which has been described by Whipple and Hooper (1913), Mann and 
Magath (1921), Mann, Bollman and Magath (1924), Bickle (1923), Makino 
(1924), MeNee and Prusich (1924) and Rich (1925a). However, while 
this pigment gave a positive van den Bergh test for bilirubin, they con- 
cluded that, since the yellow color of the plasma appeared to develop 
faster than the color of the van den Bergh test, most of the yellow colora- 
tion of the plasma and fat of the dehepatized animal was due to a pigment 
other than bilirubin. No evidence of the nature of the other pigment 
was obtained. They also studied the effect of hepatectomy in animals 
jaundiced by the previous administration of toluendiamin. They found 
that when the liver was removed in a dog which was jaundiced by toluen- 
diamin, the bilirubin content of the plasma not only stopped increasing 
but actually decreased. From the results of their experiments they con- 
clude that, while bilirubin appears in the plasma of the dehepatized dog 
and while bilirubin can be formed extrahepatically, it is insignificant in 
amount, and that the liver is essential for the development of real jaundice. 


While the results of our experiments on the tissues in which bilirubin is 
384 
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formed were definite as regards the site of formation of 

not make possible a quantitative estimation of the relative amoun 
bilirubin formed in the more important proved sites of formation of 
rubin. It is true that, as we have previously noted, the bilirut 
accumulates in the plasma of the dog during the first few hours 
hepatectomy at approximately the same rate as after removal of the 
bladder and ligation of the common bile duct. Such observations 
well as others which we made on the dehepatized dog, tended to deere 
the importance of the liver as a site of bilirubin formation although we v 
able to prove definitely that the formation of bilirubin does occur in th 
organ. The main difficulty encountered in estimating the amoun 
bilirubin formed in the various sites has been the determination 


normal amount being formed. The method just cited for comparin; 


the bilirubin accumulated in the dehepatized animals with that accumu 


lated when the common bile duct was ligated and the gall bladder rer 
appeared to be open to criticism because it was not possible to determine 
the amount of bile pigment stored or blocked in the liver. 

In the usual conception of the processes involved in obstructive jaundice 
a considerable amount of bilirubin was supposed to accumulate in the liver 
before appearing in the blood. However, as we showed in a previous paper, 
(Mann, Sheard and Bollman, 1926) the bilirubin increases in the blood in 
measurable amounts within fifteen to thirty minutes after removal of the 
gall bladder and obstruction of the common bile duct. Evidently the 
amount of bile pigment which accumulates in the liver within the first 
few hours after such an obstruction to the biliary outflow is insignificant 
in comparison to the total amount of bile pigment being formed. Since 
this experimental bilirubinemia is measurable so soon after the obstruction 
had been produced and progresses at a uniform rate, it is possible to evalu- 
ate, approximately, the relative amount of bilirubin made in the majo 
sites of such activity, namely, the liver, spleen and bone marrow. 

The experimental procedures conducted toward this goal were based on 
the following consideration: an index of the rate at which bilirubin was 
being made in the whole body could be determined by measuring the rate 
of development of the bilirubinemia following removal of the gall bladder 
and obstruction of the common bile duct. After this rate of accumulation 
of bilirubin in the blood was determined, the spleen or liver or both could 
be removed and the effect of the loss of either or both of these organs (in 
which bilirubin is made) on the rate at which the bilirubinemia was de- 
veloping could be determined. It would thus be possible to compare the 
relative amount of bilirubin made in these two organs with that made in 
the remaining portion of the body. The most important tissue of the 
latter, as regards the formation of bilirubin, is the bone marrow. 

Full details with reference to the chemical and spectrophotometric 
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procedures are to be found in a previous paper (Sheard, Baldes, Mann and 
Bollman, 1926). In the experiments described in this article we have been 
interested in getting data on the rates of accumulation or development of 
bilirubin in the blood plasma during the first few hours after the various 
operative procedures were performed. 

In order to compare the amount of light absorbed (transmitted) by one 
substance or solution with that absorbed (transmitted) by another, it is 
necessary to establish some standard of measurement. For this purpose 
Bunsen and Roscoe introduced the extinction coefficient, symbolized by 
e. From Lambert’s law 


log I 


x 


in which J represents the intensity of the transmitted light and x the depth 
of solution. From Beer’s law 


hence the absorption of light by different concentrations of the same sub- 
stance in the same solvent is directly proportional to the concentration, 
C. In all of our investigations we have used tubes 10 ecm. in length, 
hence x, the depth of solutions, is a constant. Therefore it follows that 


— log h log Ih 


If, in addition to the above statements, it can also be found as the result 
of experiment that the logarithms of the amounts of transmitted light are 
proportional to the duration of the experiments, that is, if 


log 
log Iz 


(in which 7’; and 7; represent the intervals of time at which the spectro- 
photometric readings J; and J; were obtained), it follows that 

C1 

Ts 

In figures 1 to 4 we have, therefore, plotted the values of the transmitted 

light for wavelength 430 millimicrons on semi-logarithmic paper, in which 
the ordinate is the log J and the abscissa is the time T (hours). If, there- 
fore, the relationship between the log J and T is a linear one, the conclusion 
may be drawn that the rate of accumulation (or formation) of bilirubin is 
constant during the period of observation. Differences in rates of accu- 
mulation (or formation) of bilirubin will be indicated by differences in the 
slopes of the curves given in the accompanying figures. 


e=--— 
Ci a 
C2 €2 
7 
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GENERAL CONDUCT OF THE EXPERIMENTS. All the dogs were fasted 
from sixteen to eighteen hours before the experiment was begun. All 
experiments were performed under ether anesthesia. Sterile operative 
technic was employed. As the bilirubin content of the arterial blood is 
the same throughout the body while the bilirubin content of the blood of 
the most accessible veins varies, depending on the amount of bilirubin 
formed in the tissues drained by them, all blood specimens were secured 
from the femoral artery. The method of preparation of the solutions 


| | 
| I959-March 16, 1926 
| | 
1913-March 1, 1926 
Bu 


Fig. 1. The rate of accumulation of bilirubin in the blood. (In all the figures and 
curves, the ordinate is log J, that is per cent transmitted light, for the alcoholic ex- 
tracts of plasma for the wavelength 430 millimicrons, and the abscissa is the time, 7 
In all four cases the common bile duct was ligated and the gall bladder removed. At 
the time of ligation of the common bile duct, the initial blood specimen was obtained. 
Blood samples were then taken at half-hour intervals. For purposes of control, dogs 
1897 and 1913 were bled at time B and more blood was withdrawn than is usually lost 
during the entire course of these experiments. In dog 1959 bilateral nephrectomy was 
performed at time K. 

Fig. 2. Rates of accumulation of bilirubin in the blood following ligation of the 
common bile duct and extirpation of the gall bladder. In dogs 1943 and 1938 splen- 
ectomy was performed at the time, S. In dogs H794 and G445 hepatectomy was 
performed at time, 0. Note that the rate of accumulation of bile pigment was un- 
altered by these procedures. 


for the spectrophotometric determination of bilirubin has been described. 
The hemoglobin was prepared from laked blood in the usual manner. 

While we have performed several series of experiments, only four are 
pertinent to the subject of this paper. In the first series of experiments 
the animals were etherized and then specimens of blood were obtained 
from the femoral artery for bilirubin estimation at half-hourly or hourly 
intervals for several hours. These experiments were carried out in order 
io determine the effect of the anesthetic on the bilirubin content of the 
blood. In the second series of experiments the gall bladder was removed 
and the common bile duct obstructed synchronously with the withdrawal 
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of the first blood specimen for bilirubin determination. Subsequent blood 
specimens were obtained at half-hourly or hourly intervals for several 
hours. These experiments were performed for the purpose of determining 
the rate of accumulation of bilirubin in the plasma during the first few 
hours after removal of the gall bladder and obstruction of the common bile 
duct. The results of this series of experiments are given more fully in 
another paper (Bollman, Sheard and Mann, 1926). The third series of 
experiments was performed like the second series with the exception that 
after the second blood specimen had been secured either the spleen or the 


1966 +March £4, 1826+ 


1944, March 12, 1926 


| G835-Mareh 1926 


1964-March 15, 1826 


March 22,1926 


§ 
20 


Fig. 

Fig. 3. The rate of accumulation of bilirubin in the blood following ligation of the 
common bile duct and extirpation of the gall bladder. In dogs G833 and 1964 bilateral 
nephrectomy was performed at the time of ligation. In dogs 1944, G833 and 1964 
all the intra-abdominal organs were removed at the time, £. 

Fig. 4. The rate of accumulation of bilirubin in the blood following ligation 
of the common bile duct and extirpation of the gall bladder. In all cases, at the time 
indicated by H, laked blood (the equivalent of 2 cc. of animal blood for each kilogram 
of body weight) was injected intravenously. Note the increase in the rate of accumu- 
lation of bile pigment following the injection of hemoglobin. In dog H829 the liver 
was removed at time, 0; in dog 1966 the spleen was removed at time, S; in dog G821 
all the intra-abdominal organs were removed at time, E. These procedures did not 
decrease the rate at which bile pigment was being added to the blood. 


liver, or both, were surgically removed. The rate of the development of 
the bilirubinemia was followed for a variable period of time subsequent 
to the removal of the organ or organs. Ina few experiments all the intra- 
abdominal organs were removed. The fourth series of experiments con- 
tained some of the experiments in each of the preceding three series except 
that the rate of formation of bilirubin was increased by the intravenous 
injection of a small standard amount of hemoglobin immediately after 
either the first or second blood specimen had been obtained. In a few 
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experiments both kidneys were removed instead of the liver or spleen 
order to determine if the surgical loss of organs in which bilirubin was not 
made would change the rate at which bilirubin accumulates in the blood 
after obstruction of the biliary outflow. 

Since our method of total hepatectomy involves the shutting off of the 
portal blood from the liver some time before the final operation, the changes 
in the liver which follow the diversion of the portal blood have been con- 
sidered as a possible source of error, particularly in regard to the extra- 
hepatic formation of bilirubin. While we have never been able to demon- 
strate that these changes in the Eck-fistula liver in any way affect the 
results of total hepatectomy, we have eliminated this supposed source of 
error in this investigation. The liver was removed by four different 
methods. In the first series of experiments the liver was totally removed 
by the usual technic (Mann, 1921). In the second, the liver was totally 
removed in the following manner: A reverse Eck fistula was performed 
in the usual way and a considerable period of time allowed to elapse for 
the development of a collateral circulation. When sufficient collateral 
circulation had apparently developed, the final experiment was performed 
In these experiments the blood supply to the liver had never been decreased 
and the organ was normal. This method has the objection that one is 
never sure before the experiment that sufficient collateral circulation has 
developed to maintain an adequate venous return from viscera and hind 
limbs. However, the portal circulation appeared adequate in all these 
experiments and, since these particular experiments only lasted a few 
hours and the animal was always maintained under an anesthetic, slight 
impairment of the portal circulation could have been of little significance. 
In the third series of experiments the liver and all the abdominal viscera 
were removed by the method previously described (Mann, 1925). The 
essential steps in this method are: partial occlusion of the vena cava at a 
point between the entrance of the lumbo-adrenal and hepatic veins; al- 
lowance of a sufficient time for a collateral circulation to develop; removal 
of all the intra-abdominal viscera. In this series of experiments the blood 
supply to the liver is not changed previous to removal and the organ is 
always normal. However, the spleen is necessarily also removed. In the 
fourth series of experiments only one operation was essential. It was 
found that if the kidneys were removed first, the collateral circulation of 
the vena cava was normally sufficient to return the blood satisfactorily 
from the lower extremities after complete occlusion of the vessel at the 


diaphragm. It is thus possible to remove all the intra-abdominal viscera 


by removing the kidneys first from a normal dog, and have an adequate 
venous return from the hind limbs. In these experiments the liver was 
normal but of course the spleen was also removed. 

RESULTS OF EXPERIMENTS. The bilirubin content of the blood of 


/ 
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animals maintained under constant ether anesthesia does not change in 
any demonstrable degree. While it is known that hepatic activity, as 
regards the secretion of bile, is decreased under ether, evidently sufficient 
secretion is maintained to prevent the accumulation of bilirubin in the 
blood. While the total amount of bilirubin found in the blood after oc- 
clusion of the common bile duct and excision of the gall bladder varied in 
the different animals, in all instances a definite increase was noted within 
thirty minutes after operation and the amount increased progressively and 
at a uniform and constant rate for several hours. The rate of development 
of the bilirubinemia under these conditions was so uniformly constant that 
the necessary experimental procedures appeared to be without effect on 
the developing jaundice. However, it was thought advisable to determine 
the effect of hemorrhage on these animals. More blood was withdrawn than 
would be lost at operation and the subsequent withdrawal of blood for 
analysis in any of the experiments of this series. The sudden loss of 15 
ec. of blood for each kilogram of body weight at any one time after ligation 
of the common bile duct and extirpation of the gall bladder was without 
demonstrable effect on the rate of developing bilirubinemia. When the 
spleen was removed from an animal in hemorrhage experiments, in which 
the bilirubin was increasing at a constant and uniform rate after obstruction 
of the biliary outflow, no demonstrable change was found in the rate of 
accumulation of bilirubin in the blood for the first half-hour after splenec- 
tomy. During the second and possibly the third half-hour after removal 
of the spleen there was frequently a slight decrease in the rate of develop- 
ment of the bilirubinemia and then it increased at approximately the same 
rate as before splenectomy. However, these deviations were but slight 
and were within the limits of error of the methods employed, so that it 
may be definitely stated that splenectomy did not materially alter the course 
of the developing bilirubinemia. When the liver was removed a half-hour 
or an hour after the gall bladder had been extirpated and the common 
bile duct ligated, no effect was produced on the rate of development of the 
bilirubinemia. When both liver and spleen or all the intra-abdominal 
organs were removed under the same conditions, no greater effect was 
produced on the curve of bilirubin in the blood than when only the spleen 
was removed. In the few experiments in which both kidneys were re- 
moved, the rate at which bilirubin accumulated in the blood after ob- 
struction of the biliary outflow was not altered. The injection of hemo- 
globin did not alter the results as regards the effect of removal of spleen 
and liver, but only increased the rate at which the bilirubin accumulated 
in the blood. This finding is of importance in that it demonstrates that 
the extra-abdominal sites of origin of bilirubin are capable of producing 
bilirubin in amounts much greater than are normally produced in the 
entire animal. Since this greatly increased rate of formation of bilirubin 
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is produced by the injection of laked red blood cells and may occur in the 
entire absence of the liver, it would appear that a true hematogenous 
jaundice might be accounted for in this manner. However, it has not been 
demonstrated that bilirubin actually is formed in the blood stream; our 
work would seem to indicate that at least the major portion is made in the 
bone marrow. 

We have purposely omitted from our results the variations in the bili- 
rubin content of the blood which occur from two to five hours after removal 
of the liver. In many of our experiments there has been an actual decrease 
in the bilirubin content of the blood later than two hours following hepa- 
tectomy. These variations are perhaps due to indirect effects of extirpa- 
tion of the liver, although we have observed identical variations in normal 
animals several hours after ligation of the common bile duct and exclusion 
of the gall bladder. These findings, however, do not detract from the 
positive results which unquestionably show that the extra-abdominal sites 
of bilirubin formation are capable (when the supply of hemoglobin is made 
available) of maintaining the bilirubin production in amounts greatly in 
excess of the normal amount made by the entire body. 

The results of the experiments were definite with regard to indicating the 
site where most of the bilirubin is made in the normal dog. Unquestionably 
all but a small amount of bilirubin is made outside the abdominal cavity. 
Since the bone marrow is the only tissue in the remaining portion of the 
body in which it has been definitely proved that bilirubin is made, and 
since it is the only tissue outside the abdominal cavity which would appear 
to have the capacity to form large amounts of bile pigment, we are forced 
to conclude that most of the bilirubin is made in the bone marrow. While 
bilirubin is made in both the spleen and liver, the amount is insignificant 
as compared with that made in the bone marrow. Of the two former 
organs, more bilirubin is formed in the spleen than in the liver. As a 
matter of fact, in the normal animal the amount of bilirubin made in the 
liver and spleen need not be considered in relation to the total amount of 
the pigment made in the whole body, since bilirubin can be formed at its 
normal rate in the absence of these two organs. 
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It is customary to protect the aviator against the action of rarefied air 
at high altitudes by the administration of pure oxygen. In Italy, at the 
suggestion of Aggazzotti (1918), a mixture of oxygen and carbon dioxide is 
sometimes employed at altitudes above 13,000 feet. It is believed that this 
mixture is superior to pure oxygen and that with it the aviator will remain 
mentally and physically efficient at higher altitudes than when oxygen 
alone is used. 


The excitatory effect of a small quantity of carbon dioxide on the respira- 


tory center of the brain led Hill and Flack, in 1908, to suggest that this gas 
be employed in the resuscitation of cases of carbon monoxide poisoning, 
drowning, suffocation, and chloroform syncope. Recently, in accord with 
the above suggestion, it has been found that carbon dioxide is a valuable 
asset in hastening recovery from acute anoxemia produced by a variety of 
sauses. 

Because an agent is useful in overcoming an effect, it does not necessarily 
follow that it may aiso ward off that action. With this in mind we have 
administered carbon dioxide to individuals as they were subjected to a 
gradual decrease in barometric pressure within a low pressure chamber. 
Data were secured regarding the changes in the composition of the alveolar 
air of the lungs, the frequency and minute volume of breathing, the fre- 
quency of the heart beat, the arterial blood pressures, mental alertness 
and motor coérdination. 

Our experiments fall into four groups which for convenience of treatment 
will be called types 1, 2,3 and 4. The first set, type 1, comprises control 
experiments in which a pure oxygen want, anoxemia, was gradually pro- 
duced by lowering the barometeric pressure at a rate that was comparable 
to an altitude ascent of 1000 feet a minute. The reduction in pressure in 
all cases was continued until the subject of experimentation became 
mentally incompetent or showed signs of fainting. In the second set of 
experiments, type 2, 4 per cent of carbon dioxide was administered during 
the entire stay of the subject in the low pressure chamber as the barometric 
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pressure was again gradually reduced until he became incompetent. In 
the third series, type 3, 4 per cent of carbon dioxide was once more ad- 
ministered until the barometric pressure corresponded to that of an altitude 
of 12,000 feet, when the carbon dioxide was increased to approximately 
8 per cent as the pressure was further reduced. In the last series of experi- 
ments, type 4, no carbon dioxide was given until a simulated altitude of 
12,000 feet was reached, after which 8 per cent of carbon dioxide was 
breathed. 

In all of the experiments the subject received the air, which was ordinary 
air to which the designated amount of carbon dioxide had been added, 
from a large spirometer tank placed outside of the low pressure chamber. 
The air was first passed, by means of a tube, through the wall of the 
chamber into a Douglas bag inside the chamber, and then to the subject 
through an inspiratory valve. Flutter valves were used in both the 
inspiratory and expiratory tubes. The Douglas bag was kept only partly 
filled so that the inspired air had always expanded and was in equilibrium 
with the pressure within the chamber. 

There were four persons who served in each of our four series of experi- 
ments. Each was accustomed to work in the low pressure chamber and 
therefore made excellent subjects for the psychological observations. 

Alveolar air. Ordinarily a progressive, gradual reduction in barometric 
pressure causes the breathing to be increased, in that a decrease in available 
oxygen stimulates the respiratory center of the brain. Consequently, 
during the period of reduction in pressure, an excess of carbon dioxide is 
eliminated from the lungs and the alveolar tension of this gas falls. Our 
control experiments give a typical picture of the fall in alveolar carbon 
dioxide tension. The averaged data are given in table 1 and are shown 
graphically in figure 1. _ From these it is found that a gradual, steady re- 
duction in barometric pressure down to approximately 250 mm. Hg, 
comparable to an ascent to an altitude of 30,000 feet, caused the average 
alveolar carbon dioxide tension to fall gradually and smoothly from 39.8 
mm. at sea level to 22.2 mm. at a simulated altitude of 30,000 feet. 

The addition of carbon dioxide to the inspired air modifies the anoxemic 
action of a reduction of barometric pressure on the alveolar carbon dioxide 
tension; but it does not, with the amounts of carbon dioxide that we used, 
wholly prevent the fall. One of the advantages to be gained by the ad- 
ministration of carbon dioxide to the aviator should be the prevention of 
the development of an alkalosis of the blood, which is brought on by the 
blowing off of an excess of carbon dioxide during the period of the ascent, 
or the period of anoxemia. It is interesting, therefore, to find that even 
as much as 8 per cent of carbon dioxide in the inspired air does not prevent 
the development of some degree of alkalosis at altitudes above 15,000 feet. 
Our experiments show that the addition of 4 per cent of carbon dioxide 
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10900 15,000 20,000 25000 30000 
ALTITUDE 


Fig. 1. Average alveolar CO, and O, tensions at simulated altitudes. 

Type 1. Unmodified anoxemia. 

Type 2. Effect of breathing 4 per cent CO. 

Type 3. Effect of 4 per cent CO, up to a simulated altitude of 12,000 feet and of 
8 per cent CO, thereafter. 

Type 4. Unmodified anoxemia up to simulated altitude of 12,000 feet, 8 per cent 
CO, thereafter. 
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to the inspired air maintained approximately a normal al 

dioxide tension up to the simulated altitude of 15,000 feet, but that fron 
there on the alveolar tension fell smoothly and gradually as the barometric 
pressure was reduced. The average alveolar carbon dioxide tension at the 
simulated altitude of 15,000 feet was 38.6 mm. and at 30,000 feet, 26.3 
mm.; which was only 4 mm. higher than the average for the cases of normal 
anoxemia. With 8 per cent of carbon dioxide in the inspired air, the fall 
in alveolar carbon dioxide was somewhat less than with the 4 per cent 
mixture, but a definite and steady fall occurred from 15,000 feet up to the 
highest altitude. At 30,000 feet, in the third series of experiments, the 
alveolar CO. tension average 29.9 mm., and in the fourth series, 28.9 mm. 
Among those who breathed 8 per cent COs, individual differences in the 


fall of alveolar carbon dioxide tension are illustrated by the following 


cases: thus R. W. C., with a normal at sea level of 42.4 mm., had 32. 
mm. at the simulated altitude of 30,000 feet; and E. W. G., with a normal 
of 36.5 mm., had only 27.9 mm. at 30,000 feet. 

The total fall in the alveolar CO. tension of those who were carried to 
the simulated altitude of 30,000 feet averaged 17.8 mm. with normal 
anoxemia, 13.5 mm. with 4 per cent CO., and 9.9 mm. with 8 per cent 
CO.. Hence, it may be concluded that the inhalation of CO, up to 8 per 
cent does protect the body to some extent from alkalosis of the blood. 

The failure of the presence of carbon dioxide in the inspired air to wholly 
maintain the normal alveolar carbon dioxide tension, and thereby the 
normal acid-base balance of the arterial blood, is readily explained when the 
partial pressure of the carbon dioxide in the inspired air is considered. 
The blood more readily discharges a greater amount of its load of carbon 
dioxide when 8 per cent of this gas is inhaled at a barometric pressure of 
30,000 feet than when the same percentage is breathed at sea level. At 
30,000 feet, which has approximately a barometric pressure of 250 mm., 
8 per cent CO, will exert a pressure of 20 mm.; at sea level the same per- 
centage of CO, has a tension of 61 mm. Gases are discharged more readily 
and rapidly the greater the difference in pressure between the regions of 
high and low pressure. Schneider and Truesdell (1922) found that breath- 
ing of carbon dioxide at sea level quickly raises the alveolar CO, tension. 
Thus with a normal alveolar CO, tension of 39.2 mm., the breathing of 
1 per cent CO, raised it to 39.9 mm., 2 per cent to 42. mm., 3 per cent 
to 44.2 mm., 4 per cent to 47 mm., 5 per cent to 51.3 mm., 6 per cent to 
54.2 mm., and 7 per cent to 59.8 mm. A proportionate effect by any 
selected percentage of inhaled CO, is not to be expected at high altitudes 
since with any given percentage of the gas the partial pressure will be 
distinctly less at the high altitude than at sea level. In the sea-level ex- 
periments of Schneider and Truesdell the carbon dioxide content of the 
arterial blood rose with each increase in the amount of this gas that was 
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inhaled. In our experiments with low barometric pressure, 4 per cent of 
CO, in the inhaled air, at a simulated altitude of 15,000 feet, was not quite 
sufficient to maintain the normal content of this gas in the arterial blood. 
According to the evidence of the experiments in type 4, 8 per cent of CO, 
was just about enough to maintain the normal at an altitude of 15,000 
feet. 

Just how much CO, should be added to the inhaled air at altitudes of 
20,000 to 30,000 feet to maintain a normal alveolar air and arterial blood 
content of this gas can not be exactly determined from our experiments. 
It is evident, however, that not more than 13 per cent would be required at 
20,000 feet, 16 per cent at 25,000 feet, and 19 per cent at 30,000 feet; in 
that these percentages are approximately those that give a partial pressure 
of 40 mm. in the alveolar air. These percentages, therefore, probably give 
the slope of the curve for the amount of CO, that must be added to the 
inspired air. So if 8 per cent of CO, is sufficient to maintain the normal 
alveolar CO, tension at an altitude of 15,000 feet, then we can roughly 
estimate the percentage of CO, required at higher altitudes. On the basis 
used to calculate the above percentages for altitudes from 20,000 to 30,000 
feet, we find it would require 10.5 per cent of CO, in the alveolar air to give 
a partial pressure of 40 mm. at an altitude of 15,000 feet. 

The average percentage changes in the alveolar air of our experiments 
will be found in table 2. It should be noted that as the barometric pressure 
is lowered the percentage of alveolar carbon dioxide in the unmodified, 
normal, anoxemia gradually increases. It rises from 5.56 per cent at sea 
level to 10.16 per cent at a simulated altitude of 30,000 feet. However, 
even as an increase in the percentage of CO, occurs the partial pressure of 
the gas is steadily falling. It is clear, therefore, that the amount of CO, 
required at any altitude to maintain the normal alveolar tension would 
probably have to exceed the percentage we found for the ordinary anoxemia 
given in table 2. If then we use the data suggested above to give the 
starting point for the curve, namely 8 per cent of CO, at an altitude of 
15,000 feet, and draw the curve parallel with one starting at 10.5 per cent 
at that altitude, it is found that about 11 per cent of CO, would be required 
at 20,000 feet and 16.5 per cent at 30,000 feet. 

The alveolar oxygen tension was favorably influenced by the addition 
of from 4 to 8 per cent of carbon dioxide to the inspired air up to simulated 
altitudes of approximately 20,000 feet, but from there on the influence was 
negligible. With a gradual reduction in barometric pressure the alveolar 
oxygen tension falls smoothly and gradually. It fell, in our control ex- 
periments, from an average of 105 mm. at sea level to 26.6 mm. at the 
simulated altitude of 30,000 feet. 

In the series of experiments in which 4 per cent of CO, was breathed, the 
alveolar oxygen tension remained higher than in the control experiments 
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until the simulated altitude of 20,000 feet had been passed. At sea level 
the average oxygen tension, under normal conditions, was 105 mm.; and 
with the breathing of 4 per cent CO, the average was 117 mm., 4 gain of 
i2 mm. At the simulated altitude of 5000 feet the breathing of CO, 
caused a gain of 17 mm. in oxygen tension; at 10,000 feet, 15 mm.; at 15,000 
feet, 8 mm.; and at 20,000 feet, only 3mm. At the simulated altitudes 
of 25,000 and 30,000 feet the alveolar oxygen tension was practically the 
same whether the subject breathed ordinary air or air containing 4 per 
cent CO; thus at. 30,000 feet the averages for the two types of experiments 
were 26.6 and 26.4 mm. respectively (see fig. 1). 

In the third series of experiments, type 3, when a barometric pressure 
comparable to an altitude of 12,000 feet was reached, the CO, content of 
the inspired air was raised from 4 to 8 per cent; but this did not materially 
raise the alveolar oxygen tension above that of the second series. Thus 
at 15,000 feet the average alveolar ‘oxygen tension was 55.2 mm. in the 
second series and 55.6 mm. in the third series, and at 30,000 feet the average 
was 26.4 and 27.8 mm. respectively. In the fourth series of experiments, 
type 4, no carbon dioxide was administered until the simulated altitude 
of 12,000 feet was reached, at which time 8 per cent of CO. was given. 
Until then the alveolar oxygen had fallen at the same rate as in the normal 
anoxemia of the first series of experiments. Soon after CO, breathing 
began the alveolar oxygen tension rose, so that at 15,000 feet it was prac- 
tically the same as in the two previous series, types 2 and 3. Thereafter, 
the alveolar oxygen tension followed the same course as in the earlier series. 

It is evident that the breathing of from 4 to 8 per cent of carbon dioxide 
during airplane flights to high altitudes would favor the saturation of the 
blood with oxygen to some extent up to altitudes of 20,000 feet, but that at 
higher altitudes these amounts would not materially increase the oxygen 
taken up by the blood. 

Any considerable further increase in the percentage of inhaled CO, 
would so decidedly dilute the oxygen in the air that it would require a 
large increase in pulmonary ventilation just to restore the alveolar oxygen 
tension to what it would ordinarily be with the natural anoxemia of an 
altitude of 30,000 feet. The atmospheric oxygen pressure at 30,000 feet 
is approximately 52mm. The addition of 19 per cent of CO. would reduce 
this pressure to about 42mm. It is evident, therefore, that above a certain 
percentage any further addition of CO. becomes a disadvantage. 

Minute volume of breathing. As a rule the ventilation of the lungs begins 
to increase early in an airplane flight (Schneider and Clarke, 1926). Lutz 
and Schneider (1919) found that when men were subjected to low oxygen 
tensions by means of a low pressure chamber the minute volume of breath- 
ing frequently begins to increase by the time the reduction in pressure cor- 
responds to an altitude of 4000 feet. In our control experiments the 
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average minute-volume did not show an increase until 15,000 feet had been 
reached, at which time it had increased from a sea-level normal of 7.6 
liters to 8.5 liters. From there on the volume increased steadily until at 
the simulated altitude of 30,000 feet the breathing averaged 19.8 liters. 

The effect of carbon dioxide breathing on the minute-volume of respira- 
tion was not what might be expected. Ordinarily at sea level the breath- 
ing of 4 per cent of CO, will increase the minute-volume of breathing ap- 
proximately 150 per cent (Schneider and Truesdell, 1922). In our second 
series of experiments, type 2, table 3, this amount of CO, raised the average 
minute-volume of breathing from 7.6 to 15.2 liters. During the period of 
reduction of barometric pressure this effect was not added, as might be 
expected, to the stimulating action of anoxemia. It will be seen from the 
data of table 3 that the breathing for the type 2 series, instead of gradually 
increasing, tended to fall off slightly up to the simulated altitude of 20,000 
feet. Thereafter the ventilation was practically the same as when con- 
trolled by the pure anoxemia of our control experiments; thus the minute- 
volume of breathing in the control experiments averaged 13.9 liters at 
25,000 feet and 19.8 liters at 30,000 feet, and with 4 per cent CO, it averaged 
13.3 liters at 25,000 feet and 20 liters at 30,000 feet. In our third series 
of experiments, type 3, the inspired CO, was increased to 8 per cent at the 
simulated altitude of 12,000 feet. This caused a moderate augmentation 
in the ventilation of the lungs which at 25,000 feet brought the ventilation 
up to 16.8 liters as against 13.9 liters in the control experiments. At the 
simulated altitude of 30,000 feet this amount of CO, gave a ventilation of 
22.1 liters as against 19.8 liters in the control experiments. 

In our last series of experiments, type 4, no CO, was given until an alti- 
tude of 12,000 feet was reached. Then 8 per cent of CO, was added to the 
inhaled air. This immediately increased the pulmonary ventilation from 
7.3 liters to 11.4 liters. The full effect of the CO, was not obtained, how- 
ever, until the last part of the experiment when at the simulated altitude 
of 30,000 feet the ventilation reached 22 liters, the same volume obtained in 
series 3. 

In rebreathing experiments in which the CO, was allowed to accumulate, 
Schneider and Truesdell (1922) found that 6 per cent CO, increased the 
breathing approximately 400 per cent and 8 per cent CO, increased it 
640 per cent. In their experiments conducted at sea level, barometric 
pressure 760 mm., the alveolar CO, tension rose considerably with 8 per 
cent of CO, in the inhaled air. 

In our experiments in the low pressure chamber, the reduction of the 
barometric pressure to 250 mm. permitted, of course, as has been shown, a 
fall in the alveolar CO, tension in spite of the presence of 8 per cent of CO, 
in the inhaled air. In order to gain any considerable advantage from the 
breathing of CO, at high altitudes it would be necessary to greatly increase 
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the proportion of CO. in the inhaled air. Any gain in pulmonary ventila- 
tion so obtained would be of doubtful value as it would further reduce the 
tension of oxygen in the inhaled air and thus, in effect, place the subject at 
a higher altitude than he then occupied. 

The frequency of breathing. The administration of ftom 4 to 8 per cent 
of carbon dioxide at sea level moderately increases the frequency of breath- 
ing. Under the influence of a reduction in barometric pressure, this 
stimulatory effect is in evidence up to between simulated altitudes of from 
15,000 to 20,000 feet; but is lost beyond these altitudes and the frequency 
of breathing is then controlled by the effects of the lack of oxygen. (See 
table 3.) 

Circulatory changes. The circulatory effects of a gradually developed 
extreme anoxemia have been described by Schneider and Truesdell (1921 
and 1924). There is an augmentation of the rate of the heart beat during 
the entire reduction of available oxygen. Acceleration is slight in the early 
stages, becomes more pronounced between from 110 to 90 mm. atmospheric 
oxygen tension (altitudes 9000 to 15,000 feet), and may be profound as the 
limit of endurance is approached, which is usually between 53 and 45 mm. 
of oxygen (altitudes 28,000 to 30,000 feet). The arterial blood pressures 
follow either of two courses. In one the systolic pressure is either main- 
tained or rises gradually and the diastolic pressure is either maintained or 
falls gradually and moderately as the anoxemia becomes extreme; while 
in the others fainting occurs and the arterial pressures fall rapidly. 

A progressive increase in inspired CO, (Schneider and Truesdell, 1922) 
also accelerates the pulse frequency, beginning at about 5 per cent of CO, 
but sometimes with 1 per cent. The systolic and diastolic arterial blood 
pressures always rise, ordinarily the increase appears between 2 and 4 
per cent of carbon dioxide. The outstanding difference between the action 
of CO, and lack of oxygen is seen in the diastolic arterial blood pressure 
change; with CO, this pressure rises, and with a lack of oxygen it ordinarily 
falls to some extent as the anoxemia becomes extreme. 

We have summarized in table 4 the circulatory data of our study of the 
effects of CO, administration during exposure to a lowered barometric 
pressure. The average augmentation in the rate of heart beat was prac- 
tically the same in the four types of experiments. At the simulated 
altitude of 30,000 feet, with ordinary anoxemia the increase was 29 beats; 
with 4 per cent COs, 32 beats; with 8 per cent COk, first series 34 and second 
26 beats. The average systolic pressure was either maintained or showed a 
slight rise. The average diastolic pressure in each of the four series of 
experiments followed the typical gradual fall of anoxemia, the usual CO, 
influence being wholly absent. 

One subject became faint three times. at pressures corresponding to 
altitudes of from 25,000 to 28,000 feet. Fach time both the systolic and 
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diastolic pressures first began to fall and then the pulse slowed. The 
syncope reaction developed most rapidly in the two experiments in which 


COs, 4 and 8 per cent, was inhaled; but in each of the three experiences the 


Administration of oxygen quickly restored this subject. 
Our entire experience with the administration of from 4 to 8 per cen‘ 
of COs indicates that this gas does not in any degree modify the circulatory 


response of anoxemia. 
Effects upon the nervous system. As the limit of toleration of anoxemia 


reaction was that usually seen among those who faint when anoxemic 
is approached two types of reaction occur. In the first there are marked 


cardio-vascular changes ending, if oxygen is not administered, in fainting; 
while in the second the subject exhibits a dazed condition in which, though 
he does not fall or collapse, he is mentally and physically incapacitated, 


with failure on his part to recognize his helplessness. Preceding these two | 
conditions of inefficiency the effects of anoxemia on the nervous system : 


may be manifest in changes in voluntary motor coérdination and in vol- 


untary attention. The motions become clumsy and inaccurate. Tremors 
appear and may develop into jerkiness. Swaying and drooping of the head 
arenotuncommon. Theinterference of anoxemia with voluntary attention 


is indicated early in a delay in reacting to stimuli, in forgetting to be watch- 
ful for the stimuli, and in confusion in selecting the task to be performed 


when a stimulus is received. 
For our study of the nervous effects, each subject was given three tasks i 


to perform. The stimuli were given and reaction recorded with the Dunlap 
(1915) “LVF” apparatus. The observations were made by Captain e 
Peak who has had an extended experience with the apparatus. He was |) : 
unable to find that the administration of CO,delayed or in any way modi- Hees i 
fied the demoralizations of the nervous system during anoxemia. These Fee 
observations are in agreement with the circulatory and respiratory data (aia 
presented earlier in this article. One of our subjects fainted at pressures . 
comparable to 25,000 to 28,000 feet, both with and without CO.; the other as | 
three became mentally helpless at pressures comparable to between 28,000 se: 

and 32,000 feet. The beginning of deterioration in motor coérdination tf 

and attention appeared at different pressures for each individual, but at Ha 


practically the same pressure for each in experiments with and without COs. 


SUMMARY 


Carbon dioxide, in amounts of from 4 to 8 per cent, was administered 
as individuals were subjected to anoxemia by a gradual reduction of baro- 
metric pressure to 250 mm., equivalent to an altitude of 30,000 feet. a 

In control experiments the alveolar CO, tension gradually fell from an 
average of 39.8 mm. at sea level to 22.2 mm. at a simulated altitude 
of 30,000 feet. With CO, the anoxemic fall was only delayed and less 
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pronounced. At the simulated altitude of 30,000 feet the alveolar 
CO, tension was 26.3 mm. with 4 per cent CO2, and 29.4 mm. with 8 per 
cent COs. 

The alveolar oxygen tension fell in control experiments from an average 
of 105 mm. at sea level to 26.6 mm. at a barometric pressure of 250 mm. 
The administration of CO, raised the alveolar oxygen tension at all pres- 
sures up to that corresponding to an altitude of 20,000 feet, but at higher 
simulated altitudes the alveolar oxygen dropped approximately as low as 
in the control experiments. 

Probably the inhalation of a larger amount of CO, would not prove useful 
in raising the alveolar oxygen tension in that the dilution of the atmos- 
pheric oxygen would be too difficult to offset by increased breathing. 

At- sea level 4 to 8 per cent CO. greatly increased the minute-volume 
of breathing, but at a simulated altitude of 30,000 feet 8 per cent CO, 
only raised the average 2 liters. 

Carbon dioxide did not modify the influence of anoxemia on the fre- 
quency of heart beat and the arterial blood pressures. 

Fainting and a general demoralization of the nervous system occurred 
at approximately the same atmospheric pressure with CO, as with un- 
modified anoxemia. 
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Four or five years ago when we began to study the movements of the 
intact stomach, we were puzzled by the appearance of strange little waves 
on the records: waves which had a very small amplitude and a fairly rapid 
rate. This rate was generally so nearly that of the segmenting contrac- 
tions in the adjacent duodenum that we decided that the stomach was 
probably being pulled upon and stretched or dislocated enough to make the 
wavelets. As time went on, however, it became more and more apparent 
that that could not be the explanation; first, because the amplitude of the 
wavelets was not altered by large changes in the amplitude of the duodenal 
waves; second, because the rates of the two sets of contractions were not : 
always the same; and third, because the wavelets were sometimes present 
in a record made from one part of the antrum and absent from one made at 
the same instant from another part. We were left with the conviction, 
then, that there must be small contractions of the stomach with an even 
faster rate than that of those waves in the fundus which we have already Is 
reported (1922, 1923). {i 
Tecunic. Finally, in order to remove all doubt from our minds we 
performed the following experiments: we anesthetized rabbits with ure- 
thane, 2.2 grams for each kilogram of body weight, injected by rectum. {A 
We opened the abdomen under warm Locke’s solution and drew the as 
stomach down, away from the liver and the diaphragm. 
In an attempt to immobilize the stomach and get rid of the troublesome 
respiratory excursion we fastened down the posterior lip of the pylorus and 
two points on the greater curvature with small “bulldog’”’ clamps. This 
helped but not enough, so we tried the effect of removing the diaphragm tid | 
and keeping the animal under artificial respiration. That did not work 5 
because strong movements of the mediastinum persisted, and these were 
transmitted to the stomach by way of the great vessels. We had to con- 
tent ourselves, therefore, with the clamps; and in order to be sure that the li 
wavelets were not due to variations in the amplitude of the breathing hint 
movements, we recorded those movements with the help of a thread Pt 
fastened to the anterior edge of the diaphragm. jit 
Although we were unable to keep the stomach quiet, we did make it i: a 
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less susceptible to the possible influence of the weak tuggings which we 
feared might come from the duodenum. Finally we ruled out all possi- 
bility of that sort of thing by cutting off the bowel either at the pylorus or 
else 1 or 2cm. from it. We also placed a sheet of metal behind the stomach 
so that that organ could not be pushed upon by any part of the bowel. 
Our graphic records were made by seizing various places on the ventral 
surface of the stomach with tiny wire serrefines and then running threads 
up to a row of heart levers writing on a smoked drum. 

tesuLts. After taking all the precautions just described, we could still 
find the wavelets in the records from all of the twelve rabbits studied. If 
any doubt had remained about the gastric origin of these waves it would 
have been removed by our finding that not infrequently the rate varied in 
different parts of the stomach at the same time. This rate was generally 
about that of the contractions in the upper duodenum, or from 17 to 24 a 
minute. In the tip of the fundus of one animal (fig. 2) as many as 54 waves 
a minute were seen, and in another there were 72 a minute, but in both 
instances the contractions were so small that we could not be sure of their 
nature. The amplitude was usually very small; so small, in fact, that the 
waves could be seen well only when the levers magnified the movements 
seven or eight times. Even then it was often found convenient to study 
the records under a loupe. Occasionally the amplitude was fairly large as 
in some of the tracings shown here; and on one occasion, as the animal was 
dying, a pulsating area on the antrum could easily be seen. In such 
cases the rates were usually from 5 to 15 a minute. 

As a rule these wavelets are so small that one cannot expect to see them 
either on the exposed stomach or on the roentgen-ray screen, and that 
doubtless accounts for the fact that they have been overlooked. As time 
goes on and the workers learn to see and recognize the larger ones they will 
probably be noticed more often on roentgen-ray plates. 

Frequently the contractions appeared in a number of places on the stom- 
ach at the same time and disappeared again in from twenty to sixty seconds. 
The rates in the different parts were the same or slightly difierent. Some- 
times when the rate was the same, the contractions in several regions were 
in phase. Occasionally there were signs of a gradient with the highest 
rate on the lesser curvature near the cardia, but that was unusual. Some 
animals had slow rates all over the stomach while others had fast rates. 

The rate of the wavelets on the stomach often changed rapidly and 
markedly, suggesting that the mechanism underlying their production is 


Fig. 1. In this and the following records the figures in circles correspond with the 
figures on the diagram of the stomach and duodenum and show the points of attach- 
ment of the recording threads. Other figures show the number of rhythmic contrac- 
tions each minute. The time record shows 10-second intervals with a 20-second 
interval every minute. Dots represent synchronous points. 
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not a very stable one; that is, it is not dependent on some anatomic struc- 
ture or some inherent metabolic rate, as it seems to be in the small bowel. 

Most of this work was done with rabbits because we have found it 
easiest to work withthem. It is harder to get good records of gastric waves 
in cats partly on account of a greater degree of inhibition, and partly be- 
cause of a more troublesome respiratory movement; but even with them, 
we have seen the wavelets on 4 number of occasions. 

Discussion. The question naturally arises: how can the same muscle 
respond in so many ways at the same time? Is it the same muscle or are 
there different types as there are in the heart; or do the different rhythms 
arise in the different muscular coats of the stomach? In the fundus it is 
possible that some of the wavelets originate in the muscularis mucosae, 
but that is highly improbable in the pars pylorica where the submucosa 
is so loose that small contractions in the mucous membrane can hardly 
influence the outer part of the wall. Besides, on one occasion we knew 
that the antral muscle was contracting because we could see it. 

We are interested in these wavelets because we feel that an understanding 
of their origin and behavior will help us in the interpretation of the rather 
complex gastric record. It may turn out, also, that they have something 
to do with the production of those disorders of gastric peristalsis which 
produce discomfort in man. We cannot say whether the wavelets are 
present in the intact healthy animal or whether they are brought out 
only by the abnormal conditions of our experiment, but it seems probable 
that they are present in the intact stomach, because several years ago when 
one of us obtained an electrogastrogram by placing electrodes on the abdo- 
men of a woman he found twelve deflections a minute on the record (1922); 
and Palugyay (1921) claims to have seen with the roentgen-ray frequent 
small waves in the fundus of the stomach of man. 

The wavelets seen on the electrogastrogram made from the pars pylorica 
are due probably to the spread of action currents from the duodenum 
because exactly similar ones can be obtained by placing the electrodes on 
neighboring non-contractile tissues like the liver. The small deflections 
in the electrical records made from the rest of the stomach are doubtless 
due to the wavelets described in this paper. 


SUMMARY 


In the stomach of the rabbit open under Locke’s solution, small rhythmic 
contractions have been found with rates varying between 5 and 54 a 
minute. The commonest rates met with have been between 12 and 24. 


Fig. 2. A shows a rapid rhythm in the fundus. B shows a series of systolic con- 
tractions followed by small waves. C shows a series of large pulsations in the pre- 
antrum. D shows arather large slow type of wave. 
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These wavelets are superimposed upon the larger contractions of the 
stomach, upon the systoles, and upon the peristaltic waves. There is some 
evidence that they occur in man. 
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It is a concept long held by physiologists that the contents of the gall 
bladder find their way into the duodenum during digestion. But an empty 
gall bladder is rarely seen either in laboratory animals or during opera- 
tions on man, probably for the reason that experiments and operations 


are commonly made on temporarily fasting subjects. 

Certain investigators (Winkelstein (1), Mentzer (2)) have recently 
shown that following the injection of a dye into the gall bladder it could be 
found in the intestine from three to eighteen hours later. Abramson 
(3) after injecting into the gall bladder of a dog a solution opaque to x- 
rays (neosilvol), noted by fluoroscopy that globules of the material passed 
down the bile ducts into the duodenum. On the other hand Sweet (4 
and also Halpert (5) have denied, chiefly on anatomical grounds, that 
anything which enters the gall bladder ever leaves it by way of the cystic 


duct. 
In 1923 Boyden (6) observed: a, that in cats the gall bladder is found 


almost completely collapsed a few hours after a meal of egg yolk and cream ; 


b, that a lesser degree of emptying occurs after the ingestion of lean meat, i 
and very little if at all after carbohydrates. Unaware of these observa- 

tions the writer and his co-workers’ at the Peter Bent Brigham Hospital tS thet 
(7), using the new Graham method, found by cholecystograms in human jeiee 


beings and dogs that ingestion of food rich in fat (butter being chiefly 
used) was nearly always followed by a decrease in the size of the shadow 
with its eventual disappearance in three to six hours. 

Subsequently Boyden* also employing Graham’s method, showed in this 


1 Presented on invitation at the Cleveland Meeting of the American Physiological 
Society, December 29, 1925. Abst. this Journal. Vol. 76, March, 1926, page 199. 

2 The studies on human subjects mentioned herein were done by M. C. Sosman, 
G. Milliken, P. J. Edson and E. C. Vogt in coSperation with the writer. 

® During the last year both the writer and Doctor Boyden have been engaged in 
problems dealing with the physiology of the gall bladder. Where these individual 
problems have overlapped, we have worked together, the results being jointly cred- 
ited. Doctor Boyden’s investigations, involving detailed study of the behavior of 
the human gall bladder in response to the ingestion of egg yolk and with the effect of 
blood transfusions and adrenalin on the gall bladder of the cat, will appear in the 
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hospital by serial radiographs that egg yolk has a particularly striking effect 
on the human gall bladder causing an even more prompt diminution and 
disappearance of the shadow than when butter was used. However, 
that the gall bladder actually expels its contents into the duodenum in re- 
sponse to the ingestion of certain foods has never been demonstrated. 
With this process we are now concerned. 

Metuops. Cholecystography by two methods was employed in experi- 
mental animals; one, the well-known procedure of Graham and Cole (8a, 
b), (9) based upon the intravenous injection of the opaque halogen com- 
pounds of phenolphthalein, and the other, an original method employing 
the direct injection into the gall bladder of iodized oil (10). 

The second procedure is as follows: Cats which have fasted for at least 
24 hours are selected. At laparotomy under aseptic conditions the gall 
bladder is opened, emptied of its bile, filled with iodized oil, sewed up, and 
the abdomen closed. The tests are made after the animal has fully re- 
covered from the operation, usually within 24 hours, no food being given 
meanwhile. 

For experimental purposes in animals the iodized oil method, while it is 
a more elaborate procedure, has the advantage of greater opacity of the 
medium to the x-ray. The action of the biliary system can be observed 
not only by radiograph at intervals but continuously by fluoroscope as 
well. Cholecystography by either method has this distinct advantage 
that only experimental subjects in normal condition are employed, neither 
anesthesia, nor operative shock, nor tissue reaction about pieces of inly- 
ing apparatus being present as a complicating factor. Furthermore, the 
abdomen is closed, there being no disturbance of hydrostatic or mechanical 
conditions. 

Fluoroscopic observation-of the emptying gall bladder. By fluoroscopy the 
rall bladders of cats, which had been in the resting state from 16 to 30 
hours after injection of the oil, could be seen in some cases within five 
minutes after the feeding of egg yolk, to expel the oil into the duodenum 
(series 1). Sometimes the emptying continued uninterruptedly for 10 to 
15 minutes, the gall bladder rapidly diminishing in size; at other times it 
stopped after 3 to 5 minutes, and then resumed activity after a similar 
period, keeping this up, perhaps with increasing intervals, until the gall 
bladder was empty at the end of 2to5hours. In some instances emptying 
did not begin until 20 to 30 minutes after feeding, and then proceeded as 
described above. 

During this emptying the gall bladder was closely observed for any 


changes in shape which might be interpreted as peristalsis. No movements 


August 1926 number of the Anatomical Record under the title, ‘‘A Study of the 
Behavior of the Human Gall Bladder in Response to the Ingestion of Food; Together 
with some Observations on the Mechanism of the Expulsion of Bile in Experimental 
Animals.”’ 
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as marked as those of the stomach were noted, but an expelling action of 
the ampulla somewhat similar to that of the analogous part of the stomach 
was observed, more in the nature of an expansion and contraction, though 
in some cases showing evidence of peristaltic waves (series 2). In general 
the body and fundus of the gall bladder exhibited less activity than the 
corresponding parts of the stomach. 

Though occasionally the emptying was roughly periodic (series 1), at 
other times it was absolutely irregular as to its time of onset, the fre- 
quency and duration of the expulsive attempts, and also as to the extent 
of the emptying. In some cases the gall bladder started to empty a few 
minutes after feeding, made a few intermittent attempts, and after rest- 
ing for several hours, suddenly resumed emptying. More often under 
these’ circumstances no further emptying occurred until the animal was 
again fed. The physical condition of the subject seemed to be an impor- 
tant factor; if he were ill no emptying might occur after feeding, or the 
attempts were feeble. This would indicate that results obtained by any 
experimental method in which the condition of the animal was not normal 
would be open to question. 

Having considered the emptying of the gall bladder as well as some of 
the circumstances incidental to the process, I shall now discuss the mecha- 
nism of this action. 

Do EXTRINSIC MECHANICAL FACTORS EXERT AN EMPTYING PRESSURE? 
Among the numerous mechanical theories to account for emptying of the 
gall bladder is that of the “respiratory squeeze”’ of the diaphragm and 
liver advanced by Winkelstein (la, b, c,).. It would seem plausible that 
the liver might exert an emptying pressure on the gall bladder during its 
descent in inspiration if there were a counter pressure from below. In 
studying the problem it was at first thought that this counter pressure 
might be supplied by structures firmer than the gall bladder—the duo- 
denum, stomach, colon and intestines, supported by the abdominal muscles. 
However, there is a reciprocal innervation between the diaphragm and 
abdominal muscles so that when the diaphragm contracts the abdominal 
muscles relax, thus effectively relieving any counter pressure from below. 
This is strikingly illustrated by the fact that during closure of an abdomen 
after laparotomy the surgeon pulls up his stitch during inspiration, approxi- 
mation of the wound edges being easier at this time owing to relaxation 
of the abdominal muscles. 

It has been emphasized by Cannon (11a) that the abdominal cavity is a 
closed chamber, the specific gravity of the contents of which is fairly 
uniform, and that hydrostatic conditions are approximately the same as 
those in such a chamber; that is, pressure applied to one surface by the 
piston-like action of the diaphragm would be transmitted equally in all 
directions throughout the abdominal contents. Upon descent of the dia- 
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phragm the pressure in the cystic duct, common duct and duodenum, 
especially since these are collapsible, would equal that in the gall bladder, 
and effectively prevent any emptying. 

To test the mechanical theory with these facts in view, an artificial gall 
bladder, made of rubber, was arranged, attached by a tube into the stump 
of the cystic duct after removal of the gall bladder, and fixed as nearly as 
possible into the fossa of that organ. This artificial gall bladder was then 
filled with iodized oil. After recovery of the dog he was fed egg yolks and 
cream. The flow of bile was undoubtedly stimulated thereby and the 
sphincter of the common duct opened, but not the slightest emptying of 
the artificial gall bladder was noted. 

Winkelstein gave experimental animals atropin for the purpose of relax- 
ing the sphincter of Oddi and then by lateral pressure upon the lower 
thorax and abdomen he expelled some of the contents of the gall bladder. 
From this he concluded that emptying can be produced by mechanical 
factors in the abdomen. However, in four dogs and three human subjects 
with shadows of the gall bladder, to whom we gave atropin, the rate of 
emptying after feeding was markedly reduced. Since the atropin sup- 
posedly relaxed the sphincter, the gall bladder should have emptied sooner 
than normal if the “respiratory squeeze”’ of the diaphragm were an effec- 
tive emptying force. But since the atropin presumably also depressed 
the musculature of the gall bladder which will later be shown to be the 
active agent, emptying was actually somewhat inhibited. 

Furthermore it was observed under the fluoroscope that there was no 
extrusion of the contents of the gall bladder during inspiration nor during 
struggling of the animal, even after the sphincter of Oddi had been cut. 
After a meal emptying occurred intermittently at intervals of several 
minutes as in normal animals. This would seem to prove that the empty- 
ing of the gall bladder is not accomplished by extrinsic pressure nor by 
the elasticity of the organ after the back pressure due to the common 
duct sphincter is relieved. 

With regard to the theory that the gall bladder empties by siphonage, 
it may be said that the vesicle and the ducts are collapsible and enclosed 
in a hydraulic chamber, none of the physical conditions of a siphon being 
present—consequently siphonage cannot be an emptying factor. 

Burget (12) has expressed the opinion that simple peristalsis in the duo- 
denum periodically relaxes the sphincter papillae and allows the gall 
bladder slowly to empty. That this is not a sufficient cause is illustrated 
by series 3-A. B. C. D., where it is shown that material may be moved 
by peristalsis through the entire alimentary tract without affecting the 
gall bladdeg, Moreover, cutting the sphincter produces only slight empty- 
ing in case the gall bladder happens to be distended (series 15), but not 
otherwise (series 9). 
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There is also a theory that a suction of the duodenum during peristalsis 
empties the gall bladder. This would seem unreasonable since the bile 
ducts are collapsible, but it is disproved by the reasons just given (series 
3-A. B. C. D.). 

To sum up, then: Hydrostatic conditions in the abdomen theoretically 
prevent pressure from emptying the gall bladder; an artificial gall bladder 
does not empty during digestion; intestinal peristalsis has no effect; and 
finally, the “respiratory squeeze’’ does not force iodized oil out of the gall 
bladder even after the sphincter papillae is cut, the gall bladder in this 
condition, as is invariably the case, emptying completely only after the 
ingestion of fat. These facts would seem to disprove the theories that 
mechanical factors are effective in emptying the gall bladder. 

If there is no extrinsic mechanism for emptying the gall bladder there 
must be an intrinsic mechanism. 

THE MUSCULAR ACTIVITY OF THE GALL BLADDER. That the muscle 
exerts a purposeful action in expelling the contents of the gall bladder is 
evidenced by changes in shape during the transition from a passive to 
an active state, indicating increased tonus and possibly peristalsis (series 
3and 10). This expulsive effort is further illustrated by series 7—M.N.O., 
in which the gall bladder, evidently in marked tonus, is holding suspended 
in the cystic duct a large mass of heavy iodized oil. Conversely, injury to 
the wall of the gall bladder, by squeezing vigorously with a clamp at the 
time of the operation for injection of the oil, interferes with the emptying 
of the organ to a degree roughly depending upon the extent of the damage 
(series 4). That there may be some emptying in a diseased gall bladder, 
has been brought out in a previous paper (10), in which cholecystograms, 
showing stones, exhibited a marked reduction in size following ingestion of 
fat by the patient. But there is no doubt that the emptying is more or 
less interfered with under these conditions, the degree of inhibition being 
apparently dependent upon the degree of injury to the musculature of 
the organ. Furthermore, Doctor Boyden and I have observed that smooth 
muscle stimulants such as pituitrin and barium chloride produce expulsion 
of the contents of the gall bladder (series 5 and 6). 

There is another intrinsic factor which possibly has some effect in empty- 
ing the distended gall bladder. The wall of the organ contains a large 
amount of elastic tissue which may reinforce ‘the-action of the smooth 
muscle 7 the gall bladder happens to be distended when it starts to empty. 
This is indicated by the fact that if a cannula be inserted into the common 
bile duct under these conditions there is often a sudden gush of bile from 
the gall bladder until the organ becomes flaccid. It is probably in balane- 
ing the pressure exerted by this elastic tissue that the sphincter of Oddi 
is effective. More will be said upon this point later. 

Is MUSCULAR ACTION OF THE GALL BLADDER DUE TO REFLEX NERVE STIMU- 


LATION? The prevailing view among physiologists is that the gall bladder 
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empties in response to a reflex action initiated by the presence of acid or 
food, or drugs like magnesium sulphate, in the duodenum, whereby the 
organ is made to contract at the same time that the sphincter papillae 
opens. This hypothesis was proposed by Meltzer (13) but has never been 
proved; in fact, these studies indicate that it is doubtful. 

It has been noted by M. ©. Sosman (7) in a patient upon whom a 
gastro-jejunostomy with pyloric resection had been previously done, 
that the gall bladder emptied just as well after the ingestion of fat as in a 
normal subject. A subsequent barium meal indicated that no food entered 
the duodenum. With three dogs in which the experiment was repeated 
in this laboratory like results were obtained. This would seem to indifate 
that the emptying process does not depend upon a reflex mechanism involv- 
ing the duodenum or papilla of Vater. 

From the fact that the vagus is the motor nerve to that portion of the 
gut from which the gall bladder is developed, it might be expected to be 
the motor nerve to the gall bladder. Different investigators have held 
conflicting opinions upon this point. Among those who have concluded 
that the vagus is the motor nerve to the gall bladder are: Bainbridge. and 
Dale (14), Courtade and Cuyon (15), Lieb and MeWhorter (16), Chiray 
and Pavel (17) and Westphal (18). Among those who hold the contrary 
opinion are Doyon (19), Auster and Crohn (20), Winkelstein and Ashner 
(1). It is believed by Doyon (19) that stimulation of the central end of 
the vagus activates the gall bladder; and Doyon, Bainbridge and Dale, 
Courtade and Guyon claim that the splanchnics are also motor to the gall 
bladder. 

These conflicting opinions make it obvious that the matter has not been 
settled. In fact, the methods used by all of these workers are open to 
objection, since a, the experiments were carried on either with animals 
under ether anesthesia with the abdomen open, thus not only producing 
severe shock, but altering the physical conditions about the gall bladder, 
or b, the gall bladder tissue was removed from the animal entirely and con- 
clusions drawn from the action of drugs. Doctor Boyden and I have found 
that simply putting the cat under ether anesthesia, opening the abdominal! 
cavity and quickly closing it will delay the emptying of the gall bladder 
for severa] hours. Deep ether anesthesia alone will prevent it. Even 
slight illness such as wound infection may greatly inhibit emptying. 

In view of these facts it seemed desirable to try the effect of nerve 
stimulation in normal animals, noting the results radiographically. Ac- 
cording to Pavlov’s method (21) one of the vagus nerves of the dog was 
cut in the neck, the end being left under the skin for one or more days. 
In two dogs stimulation of the peripheral end of the right vagus at 5 to 10 
minute intervals, 3 hours post-operatively, with induction shocks strong 
enough to stop the heart and start audible peristalsis produced no change 
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in the size of the gall bladder shadow after 2 hours. These experiments 
were repeated with the same result 3 days post-operatively. With one 
dog the left vagus was cut in the neck and the same procedure followed two 
days post-operatively, also with a negative result. With two dogs the 
central end of the left vagus was stimulated one or two seconds every 10 
minutes for 1 hour on the third day post-operatively. This provoked 
vomiting but produced no change in the shadow of the gall bladder. 

The effect of vagal stimulation in cats was then tried using the iodized 
oil method. Two cats in which the peripheral end of the right vagus and 
one in which the left vagus was stimulated electrically many times in suc- 
cession, with varying intervals between, showed no definite emptying, 
although in one case the cystic duct temporarily filled (series 7-A. B. C. 
D. E. F.G.H.). This, however, was nothing more than had been brought 
about by struggling of the animal without stimulation. On the following 
day, after this animal had been fed a meal of sour cream, the gall bladder 
started to empty in 10 minutes, keeping this up vigorously until it was 
completely empty at the end of 23 hours (series 7-I. J. K. L. M. N. O. P.). 

The accuracy of these results on vagal stimulation was questioned by 
Doctor Britton of the Department of Physiology of this school on the 
ground that stimulation of the vagus nerve in the neck might, by its action 
on the heart, have produced inhibitory effects which prevented emptying 
of the gall bladder. Accordingly, following a method suggested by 
Doctor Britton, an insulated electrode was fixed in place on the right vagus 
nerve just below the diaphragm. The first day post-operatively the nerve 
was stimulated with induction shocks of varying Strengths at varying 
intervals over a period of 1 to 2 hours; and this was repeated on the second 
day, the results being negative at both trials (series 8). This animal dur- 
ing the experiment was dozing in its cage as a result of amytal given as an 
anesthetic at the time of the operation. It was in ‘good condition and 
could be easily aroused, which in fact occurred if strong stimulation were 
attempted. 

Pavlov’s method of cutting the right vagus nerve in the neck and allow- 
ing four days for the cardiac fibres to degenerate was tried in one cat. 
Stimulation of the nerve was ineffective on the heart, but that some other 
effects were produced was evidenced by the facts that under, strong 
stimulation the animal became restive, and that one or two loud peri- 
staltic noises were heard. But no definite empty jpg of the gall bladder 
occurred. 

Physostigmine, when given to 4 dogs (0.5 mgm. per kgm. body weight 
subcutaneously ) as a stimulant of vagal endings, although it caused severe 
excitement, incodrdination, localized clonic spasms, and purging, produced 
no change in the shadow of the gall bladder after 2} hours. However, 
egg yolks given a half-hour later produced a definite reduction after two 


| 
4 
| 
| 
a 
i j 
pigs 


WHITAKER 


~ 
= 
= 


ay} uodn aouengul ou pey 
-ivdde sey jo Jeajouryds 
Jappe[q 


‘4938, sunoy OMT, 


‘sjonp 
ay} peddosp sey [10 
ay} AION 


ou 


‘[10 JO yoay B 


“gonp ay} yorgq 
peddoip ayy ‘paxe] 
ul 
dutonpoid 


jo 


CZ 


asop B CZ 


68s 


‘uo 


‘yJOA Jo [BAU B 


‘daqoutyds ayy JO vouesqR 
ay} UL ayy Jo 
}no [10 AUB JOU S8Op vans 
Said UI JO 
‘uUMOP pat} 0} aNp 


“pooy sty 
-eqoid sey [BULTUB 


Aq 
‘Burky 
-duia paounouoid uvaq 31044 


ON ApsnotAaid 
sinoy paqoefur [10 pazipor 
pue 4no PPO 
jo daqouryds ay} Burysvy 


B JO JappRyq 83 Zurjsoy “y 


426 
| 
7 <a 
Zz 
| 
Ww 
on 
| 4 


MECHANISM OF THE GALL BLADDER 427 


hours. Pilocarpine given in physiologically effective doses to three human 
subjects was also ineffective in emptying the gall bladder (7). Physostig- 
mine given to cats whose gall bladders had been filled with iodized oil, 
produced in one case a filling of the cystic duct and in another the extrusion 
of a few globules of oil. Yet in other cases there was no sign of emptying, 
even though in two of these the sphincter of Oddi had been cut, effectively 
eliminating any back pressure (series 9). 

Since attempts to activate the gall bladder by various methods of stimu- 
lation of the vagus nerves produced questionable results, the problem was 
attacked from another angle—both vagi were sectioned to see what effect 
this would have upon emptying of the gall bladder after feeding. 

With one dog which we succeeded in keeping alive sufficiently long after 
both vagi were cut in the neck, a meal of egg yolks and cream served to 
produce a marked diminution in the size of the gall bladder shadow in 
5 hours. With another dog in which both vagi were cut just below the 
diaphragm and the animal allowed to recover, the gall bladder emptied 
even more rapidly than normally after feeding. The same results were 
obtained in two eats with both vagi sectioned (series 10). In one cat the 
gall bladder emptied normally after both vagi and all splanchnics were cut 
(series 11). This agrees with the finding of Cannon that the gastro-intes- 
tinal tract, in general, functions apparently normally after total removal of 
the sympathetic and parasympathetic systems (11b). 

Since stimulation of either vagus electrically, both centrally and pe- 
ripherally, as well as drug stimulation, had no definite effect, and since the 
gall bladder exhibited normal emptying after both vagi were cut, it may be 
assumed that the vagus nerves play no essential role in the emptying of the 
gall bladder. 

An effort to activate the gall badder through the stimulation of the 
sympathetic system by adrenalin was then tried. Given to one human 
subject subcutaneously it produced no effect upon the cholecystogram (7). 
Three dogs which were given 0.6 mgm. to 1 mgm. per kgm. body weight 
subcutaneously, in two doses 40 to 60 minutes apart, showed no change in 
the gall bladder shadow 2 hours after the first injection. One of them 
which was given food just after this experiment showed a delayed but 
nearly complete emptying of the gall bladder. It is possible that adre- 
nalin inhibited the emptying by direct action on the musculature of the gall 
bladder, but it is also possible that it reduced digestive processes and thus 
delayed emptying. 

Subsequently, Boyden working in this laboratory with the iodized oil 
method found that, in cats, shaving the leg of the animal, or incision of the 
skin, or transfusion of blood from fasting animals, caused a definite extrusion 
of oil from the gall bladder, even after the adrenals had been removed. 
He also found that the intravenous injection of large doses of adrenalin 
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produced a greater expulsion of oil than any of the smooth muscle stimu- 
lants. This action of adrenalin was verified by me, but since the gall 
bladder empties normally only during digestion and since adrenalin nor- 
mally inhibits the activity of the alimentary canal this tinding would seem to 
be contrary ¢(o previous experience. I found that sensory stimulation of 
the skin, severe mechanical stimulation of a sensory nerve, and even marked 
asphyxia, which according to Cannon and Carrasea-Formiguera (22 

produces large amounts of adrenalin, had no constant effect upon the gall 
bladder. From his experiments Boyden concluded that the sympathetic 
nervous system activates the musculature of the viscus. The expulsive 
attempts after large doses of adrenalin may, as he believes, indicate that the 
gall bladder has sympathetic nerve connections which influence its activ- 
ity. It would seem, however, that this question must be investigated 
further before definite conclusions can be drawn. 

Perhaps the best evidence as to whether or not reflex action through 
extrinsic nerves is effective in emptying the vesicle would be derived from 
the study of gall bladders which had been completely denervated. One 
dog after the nerves on the hepatic artery were cut, showed a decrease in 
size of the gall bladder shadow following a meal rich in fat. But since it 
was felt that this method might not completely denervate the gall bladder, 
other experiments were done upon animals in which the outer coverings 
were removed from the hepatic artery, portal vein, and common bile duct 
and all the tissue in the gastro-hepatic and duodeno-hepatic ligaments cut 
away. As a check on this method, histological sections were made later 
which showed no nerve fibers about these structures. Two dogs thus 
treated exhibited marked contraction of the gall bladder after taking 
fat-—one by the Graham method (series 12), and one by the iodized oil 


method. 

After a similar denervation of the gall bladder in cats, they were fed a 
mixture of egg yolk and cream and killed from 6 to 11 hours later, the con- 
dition of the gall bladder being noted by inspection. Three cats were used 
in all, the tests having been made from 1 to 2 weeks after the operation in 
order to insure recovery of the animals. In one cat the gall bladder was 
found entirely collapsed 11 hours after feeding. In two others the organ 
was found half empty 6 hours after feeding, judged from a known standard 
for fasting cats. In all these animals the lacteals were white, with food 
and bile present in the duodenum, showing that digestion was taking 
place. 

It does not seem justifiable to state here that nerves have nothing to do 
with the action of the gall bladder, and yet, since the gall bladder functions 
normally after vagi and splanchnics are cut, and even after all the nerves 
in the lesser omentum are severed, it is safe to say at least that extrinsic 
nerves play no essential rdle in the mechanism for emptying the gall 
bladder. 
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If emptying of the gall bladder in response to the ingestion of protein or 
fat is not due to a reflex nervous mechanism, what furnishes the adequate 
stimulus? 

Is EMPTYING DUE TO A HORMONE ACTION? Since the gall bladder delivers 
its bile into the duodenum along with bile from the liver and the pancreatic 


juice during digestion, it would seem that any hormone or physiologic 


stimulant which activates the pancreas and liver might also affect the gall 
bladder. Accordingly secretin was tried, prepared and freed from its 
depressor substance by the method of Bayliss and Starling (23) ,‘ and given 
in repeated doses to four dogs over a period of 1 to 2 hours. No definite 
changes in the size of the cholecystic shadow were noted in from 2 to 3 
hours. Furthermore, hydrochloric acid, 0.4 per cent, which according to 
Bayliss and Starling causes the liberation or formation of secretin on com- 
ing in contact with the duodenal mucosa, had no effect. Though the acid 
was given in large amounts by stomach tube to three dogs upon different 
days without result, the gall bladders in all of these animals contracted 
immediately after giving food containing fat. Similarly in three human 
subjects, 0.4 per cent hydrochloric acid given by duodenal tube had no 
effect (7). Stimulation of the distal end of the right vagus nerve, which 
Pavlov has shown to produce a flow of pancreatic juice, did not, as previ- 
ously mentioned, appreciably alter the gall bladder. 

That the emptying of the gall bladder is independent of the flow of 
pancreatic juice is confirmed by the following experiment: In one dog in 
which the pancreas had been completely separated from the duodenum, 
thus effectively shutting off the pancreatic juice, the gall bladder emptied 
normally after feeding egg yolks and cream. This observation was re- 
peated several months later, the dog having been kept alive meanwhile 
by the feeding of pancreas which, however, was discontinued a week before 
the second experiment. 

Bile salts which, according to Whipple (24) are the only effective chola- 
gogues, instead of emptying the gall bladder as might be expected if sub- 
stances stimulating the secretion of bile also activate this organ, had, in 
fact, the opposite effect. In a number of cases the cholecystic shadow 
became definitely enlarged from 1 to 2 hours after sodium taurocholate 
(1 to 4 grams) was given by stomach tube (series 13). These experiments 
were controlled by feeding bile salts to cats and killing them two hours 
later. In every case the gall bladder was found distended, with consider- 
able bile in the duodenum. Consequently it does not seem that emptying 
of the gall bladder is dependent upon the flow of bile or pancreatic juice, 
or definitely influenced thereby. It is a striking fact that foods such as 
proteins and fats which stimulate the flow of bile also empty the gall 
bladder, while a chologogue (bile salts) does not. 


41 am indebted to my colleague, Dr. P. J. Edson, for the preparation of this 
material. 
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Cole (25) has concluded from his experiments that the presence of food 
in the stomach is a sufficient stimulus to the emptying of the gall bladder. 
However, in two cats in which the pylorus had been tied, giving fat pro- 
duced no emptying. Sometimes in cats which are ill, food has been found 
throughout the alimentary tract with the gall bladder still distended and no 
bile in the intestine. This observation is illustrated in series 3, where egg 
yolk with barium sulphate, which presumably prevented absorption, passed 
through the alimentary tract without in any way affecting the gall bladder. 
Yet when egg yolk alone was fed immediately afterward, the organ became 
active. Accordingly it seems that actual digestion of either proteins or 
fats must take place in order to empty the gall bladder, indicating chemi- 
cal action of some sort. Neither Doctor Boyden nor I have ever seen a col- 
lapsed gall bladder in an animal at autopsy unless the lacteals were white 
and distended with chyle. Doctor Boyden believes that there may be some 
specific principle in egg yolk which is responsible for emptying the gall 
bladder but pure fat seems to me quite as effective as egg yolk.® 

THE ACTION OF THE SPHINCTER PAPILLAE IN FILLING AND EMPTYING THE 
GALL BLADDER. Although the gall bladder itself seems to have an adapted 
action in emptying, the sphincter papillae exerts some influence upon the 
process. 

It was observed by Winkelstein (1) and confirmed by us that after the 
sphincter of Oddi has been put out of action by an inlying cannula the 
gall bladder will not fill, though we found that normal filling occurred a 
month later after the cannula had passed out (series 14). In one dog at 
laparotomy a grooved director was inserted through the papilla of Vater 
and all the tissue cut away between the duct and the lumen of the gut 
where the duct runs obliquely through the intestinal wall, leaving a wide 
opening of the duct directly into the gut. After recovery 2 days later 
normal cholecystograms were obtained, with emptying after the ingestion 
of fat, though the sphincter papillae, as determined at autopsy, had been 
destroyed. Two other dogs were first injected with sodium tetraiodo- 
phenolphthalein, and after a shadow had formed, operated upon, the 
tissues over the intra-mural portion of the duct being cut in the manner 
described above to such an extent that there was a wide opening of the 
duct into the intestine. In these two dogs there was a spontaneous 
shrinkage of the shadows in size up to four or five hours. Then expansion 

5Since submitting this article for publication I have found that feeding an 
emulsion of olive oil completely empties the gall bladder of a cat in 6-7 hours. 
In order to determine whether or not absorption of the fat into the circulation 
produced this effect a fine emulsion of olive oil was injected intravenously. In 
most cases the gall bladder emptied as rapidly and as completely as if the emul- 
sion had been given by mouth. But it was then discovered that an emulsion of 
liquid petrolatum injected intravenously, while not so effective, also produced con- 
siderable emptying. 
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began and at the end of 17 to 18 hours the shadows were again normal 
(series 15). This seems to show that an actual sphincteric action at the 
papilla is not necessary to the filling of the gall bladder, but that other 
factors, such as pressure of the intestinal musculature where the duct 
passes through, possibly serve this function. 

With five cats in which the sphincter papillae was cut and dilated from 
within the duodenum, the gall bladder being filled to a moderate degree 
with iodized oil at the same operation, there was no emptying of the vesicle 
until the animal was given fat (series 9-A.B.C.D.). Contrary to the 
finding in some of the dogs, the gall bladder did not again fill with bile 
after emptying, as it normally would have done, but remained collapsed 
or became partly filled with mucus. 

It would seem then that, as observed by Mann (26), the chief action of 
the so-called sphincter of Oddi is to furnish enough resistance to the out- 
flow of bile from the common duct to allow it to back up into the gall 
bladder, though the fact that this sometimes happens after the sphincter is 
destroyed would tend to show that any slight resistance of the tissues of 
the intestinal wall may serve this purpose. Furthermore, it is doubtful 
if there is any reciprocal nervous relation as proposed by Meltzer (13) 
between the sphincter and the gall bladder, since the gall bladder functions 
normally when denervated, and though the sphincter be cut and dilated 
there is no pronounced emptying of the viscus until the smooth muscle 
of the gall bladder is set into action by the ingestion of protein or fat. 

These findings lead me to hazard the opinion expressed in part by others 
(26), (27) that the sphincter of Oddi is hardly a true sphincter, but simply a 
thickening of the muscle of the intestinal wall or common bile duct, which 
being in more or less constant tonus maintains a slight resistance to the 
outflow of bile, enough to allow the gall bladder to fill during the intervals 
of digestion, and perhaps to counteract the slight expulsive pressure of the 
elastic tissue of the organ, but is readily overcome when the smooth muscle 
of the gall bladder is thrown into action during digestion. 

This hypothesis may offer a basis for explanation of the fact that the 
application of magnesium sulphate to the duodenal papilla causes slight 
emptying of the gall bladder (Silverman (28)). This effect, as previously 
observed, probably cannot come as the result of a reciprocal nervous action. 
The most reasonable explanation seems to be that the salt paralyzes the 
muscle of the intestine about the termination of the common bile duct and 
allows the elastic tissue of the distended gall bladder to express some of 
its contents. This action is slight, however, and complete emptying 
follows only the ingestion of food, especially fat (10). 
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SUMMARY AND CONCLUSIONS 


1. By the employment of iodized oil as an opaque medium, the gall 
bladder is shown to empty its contents into the duodenum during the 
digestion of fats. 

2. This emptying is produced primarily by the muscular tunic of the 
gall bladder, extrinsic mechanical factors having no appreciable effect. 

3. Emptying probably does not depend upon a reflex nervous mecha- 
nism involving extrinsic nerves since vagal stimulation has no effect, and 
denervated gall bladders empty normally. 

4. There is no direct evidence that the expulsive action of the gall bladder 
is due to a hormone although it invariably depends upon the digestion and 
absorption of proteins or fats, especially the latter. 

5. The action of the so-called sphincter papillae seems to be to allow the 
gall bladder to fill during the intervals between periods of digestion ; but the 
vesicle will not empty after the sphincter is cut, feeding being necessary, as 
in normal animals, to effect this result. 


The writer wishes to express his gratitude to Dr. Harvey Cushing for the 
opportunity to make these studies and for his kindly interest and counsel. 
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Though our knowledge of the chemical architecture of purines is exten- 
sive, owing to such workers as Emil Fischer (1), Kossel and Steudel (2), 
Bang (3), Levene and Jacobs (4) and many others, we are yet poorly 
informed as to their physiology. More seems to be known about the 
exogenous than the so-called endogenous purines. Horbaczewski (5) 
first discovered that an increase of uric acid in the urine follows the inges- 
tion of nucleoprotein. Richter (6), Weintraud (7), Umber (8), Hess and 
Schmoll (9), Mendel and Brown (10) and others have shown that the 
ingestion of purines, free or combined, increases the uric acid eliminated in 
the urine. Loewi (11) believes that equal quantities of nucleoprotein 
ingested by different individuals results in an equal increase of uric acid in 
the urine. Whether the human tissues have the power to destroy uric 
acid is still an unsettled question. Many animals seem to have no dif- 


ficulty in decomposing uric acid to simpler substances such as allantoin. 


The researches upon endogenous purines have been extensive. Miescher 
(12) discovered that migrating Rhine salmon, while taking no food, produce 
from their tissue much nucleoprotein. Burian and Schur (13) observed 
that young mammals upon a milk diet, which they believed to be purine- 
free, also form purines in quantities proportionate to their growth. Eggs of 
birds and insects are purine-free, yet it has been shown by Tichomiroff (14) 
that developing insect embryos, and by Kossel (15) that developing chick 
embryos, possess the ability to form large quantities of purine bodies. 
Osborne and Mendel (16) in 1912 showed that certain amino acids 
must be present in the food if normal increase in body weight is to follow, 
but that the growing body makes no such demand for performed purines. 

Burian and Schur (17) demonstrated that the daily elimination of endog- 
enous uric acid varies much in different human individuals, but is fairly 
constant for the same individual. They interpreted the wide range of 
variation as an expression of a difference in the rate of nuclear metabolism 
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in different individuals. The variability in uric acid elimination is a per- 
plexing problem, around which has developed an extensive literature. 
Folin and his associates (18), in summing up the situation recently, stated 
that normal uric acid elimination in man is subject to a large and seemingly 
unaccountable variation, which occurs irrespective of uniformity of diet 
and irrespective of type of diet. 

It is generally assumed that the uric acid eliminated by the human being 
arises from only two sources: 1, exogenous, which is derived from pre- 
formed purines in the diet, and 2, endogenous, which results from the 
metabolic activity of the nuclear material of the body cells. Since bac- 
teria in vast numbers are parasitic to the human body, and since micro- 
organisms and their products are taken constantly in considerable quanti- 
ties in food material, it is important to determine whether or not they, like 
the individual cells which in the aggregate make up the tissues of higher 
biologic forms, may also produce uric acid, and thus form an additional 
source of purine. This paper is a report upon research undertaken to 
determine whether microérganisms may also act as producers of uric acid. 
The work upon this problem was in great part confined to bacteria 
commonly parasitic to human beings. 

The first medium employed for the growth of the microérganisms to be 
tested contained 10 grams of peptone and 10 grams of sodium chloride per 
liter. The organisms selected were B. fecalis alkaligenes, B. pyocyaneus, 
B. proteus vulgaris, and mixed organisms from the nasal and oral 
cavities. The results show a definite increase of uric acid in the culture 
fluid. 

We employed at first Benedict's direct method for uric acid (19). But 
on comparing the results by this method with one involving preliminary 
precipitation of the uric acid, we found them to be so much higher that 
we decided in favor of a precipitation method. Our results with Benedict’s 
direct procedure harmonize with those of Brown and Raiziss (20), Lennox 
and O’Connor (21), and Bulmer, Eagles and Hunter (22). 

The steps in the method used in our later experiments were as follows: 
Deproteinization in the liquid culture medium was accomplished by the 
usual procedure, involving the use of 10 per cent sodium tungstate and 
2 normal suphuric acid. Five cubic centimeters of the bacterial protein- 
free filtrate were used, and 7 cc. of Folin’s silver lactate solution added. 
The resulting precipitate containing silver urate was allowed to settle for 
1 or 2 minutes, and then centrifuged. The supernatant fluid was decanted 
as much as possible, and the uric acid set free from its silver compound by 
1 cc. of a 10 per cent solution of sodium chloride in decinormal hydrochloric 
acid. After the addition of this acid mixture the contents of the tube 
were thoroughly stirred with a fine glass rod. Four cubic centimeters of 
water were subsequently added, the contents again stirred with a glass 
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rod, and finally centrifuged. The uric acid in the supernatant liquid 
was determined colorimetrically. At this point instead of employing 


Folin’s phosphotungstic acid for the production of the blue color, we re- i 


sorted to the use of Benedict’s reagent consisting of arseno-phosphotung- 
stic acid. 
These experiments all show an increase of uric acid in the medium after 
the growth therein of microérganisms (Table 1). What is the source of 
this increase in uric acid? It may arise in part from bacterial digestion of | 


TABLE 1 


Production of uric acid by bacteria in peptone medium 


MILLIGRAMS OF 
MILLIGRAMS OF URI ACID IN 100 ce OF INCREASE OF ‘ RIC : 
ACID IN 100 cc. OF TES CAMS MEDE M ACID IN CULTURE : 
CULTURE MEDIUM AFPTER THE MEDIUM AFTER 
ogee GROWTH IN IT OF THE GROWTH OF 
USED AS CONTROL > 
DIFFERENT MICRO- BACTERIA 
ORGANISMS 
Experiment I 
After 4 days’ incubation: 
B. proteus vulgaris........... 0.640 0.909 0.269 : 
B. fecalis alkaligenes......... 0.640 0.811 0.171 
Culture from nose. ... 0.640 0.902 0.262 
Culture from mouth.......... 0.640 0.923 0.283 ; 
Experiment II if 


After 6 days’ incubation: 
B. fecalis alkaligenes......... 0.670 0.769 0.099 
B. pyocyaneus 0.670 0.889 0.219 
Staphylococcus 0.670 0.979 0.309 


Experiment 


After 6 days’ incubation: 


B. proteus vulgaris.......... 0.642 1.000 0.358 
B. fecalis alkaligenes......... 0.642 0.889 0). 247 
Culture from nose............ 0.642 0.938 0.296 


Culture from mouth......... 0.642 0.975 0.333 


preformed nucleoprotein in the culture medium and the oxidation of the 
purine bases resulting from the hydrolysis of nuclein substance, or of the 
purine bases already present. It may result in part from the liberation 
of purine bases from nucleic acid synthesized in the course of bacterial 
metabolism. Shindler (23) in 1889 showed that amino purines are con- 
verted into oxypurines through the influence of putrefactive bacteria. 
Iwanoff (24) in 1903 proved that various molds have the ability to 
decompose thymus nucleic acid with liberation of both phosphoric acid 
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and purine bases. These investigators as well as others assumed that 
all the purines in question arose as the result of the digestion of combined 
purine in the medium. They overlooked the possibility that the micro- 
organisms themselves in the course of their metabolic activities may 
convert into uric acid some of the purine bodies resulting from the de- 
composition of their own nucleic acid. 


TABLE 2 
Composition of synthetic medium 


Asparagin .. 3.0 grams 
CaCl, ... 0.1 gram 

Ten c.c. of lactic acid (75 per cent) were neutralized with dilute ammonium 
hydroxide, and the resulting ammonium lactate solution was used in making up 
the medium, the final volume of which was 1 liter. The pH was adjusted to 7.6. 


In order to find out whether bacteria produce urie acid in purine-free 
medium, we grew cultures in synthetic medium containing no nuclear 
material and no purines, the nitrogen for growth being derived from ammo- 
nium lactate and asparagin (Table 2). 

The organisms studied were B. proteus vulgaris, B. fecalis alkaligenes, 
cultures from the nose, cultures from the mouth, B. pyocyaneus, sarcinae, 
B. enteritidis, B. coli, Staphylococcus pyogenes albus and Streptococcus. 
Some of the results are given in the tables following. 

In our later experiments we obtained a positive reaction for uric acid 
with one strain of Staphylococcus albus. Bacillus paratyphoid B. showed 
evidence of uric acid production, but we were not able to make colorimetric 
readings owing to an interference in color. 

Bacillus coli communis, B. bulgaricus, B. pyocyaneus and sarcinae 
always gave negative results with the methods and their modifications 
used by us in determining uric acid. 

Tables 3, 4 and 5 show that B. fecalis alkaligenes and B. enteriditis both 
produce uric acid when grown upon a purine-free medium. It is inter- 
esting to note that in the purine-free medium B. pyocyaneus always and 
staphylococcus albus usually failed to give evidence of uric acid formation, 
while the same organisms grown on peptone medium produced uric acid 
freely. This uric acid probably came from the hydrolysis of nuclear 
material present in the peptone medium itself and the subsequent deamin- 
ization and oxidation of some of the liberated purine bodies. 

The fact that microérganisms grow freely on purine-free medium is 
a clear indication of their ability to synthesize nucleic acid and there- 
fore purine bodies. It is also evident from these studies that certain 
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rABLE 3 


Production of purine by bacteria on synthetic medium containing no protein and no f 
purine material | 
The figures are given in terms of milligrams of uric acid in 109 ce. of culture 
medium. 
Uric acid was precipitated with silver lactate i 

Experiment I 

AGE OF CULTURE ORGANISM 

4 days B. fecalis alkaligenes 0.100 mgm ; 
6 days B. fecalis alkaligenes 0.180 mgm 
25 days B. feealis alkaligenes 0.349 mgm : 


mg as 


Cultures of B. pyoeyaneus, staphylococcus albus, and sarcinae kept as | 


those of B. fecalis alkaligenes gave no reaction for uric acid 


Experiment I] 


ORGANISM 


AGE OF CULTURE 


4 days B. feealis alkaligenes 0.121 mgm : 
4 days Mixed organisms from mouth 0.336 mgm | 
6 days B. fecalis alkaligenes 0.264 mgm. 


No reaction for uric acid was obtained from B. pyocyaneus, staphylococcus albus 


sarcinae, and from cultures of mixed organisms from the nasal cavity. 


TABLE 4 
B. fecalis alkaligenes 


MILLIGRAMS OF URIC ACID IN 100 cx 
OF CULTURE MEDIUM 


AGE OF CULTURE NUMBER OF CULTURE TUBE 


21 days 0.251 
21 days 2 0. 303 
21 days 3 0.381 : 


TABLE 5 
B. enteritidis 


MILLIGRAMS OF URIC ACID IN 100 cx 
OF CULTURE MEDIUM 


AGE OF CULTURE NUMBER OF CULTURE TUBE 


21 days l 0.355 
21 days 2 0.279 
0. 207 


21 days 


organisms grown on purine-free medium not only elaborate purine, but also 
convert some of that purine to the form of uric acid. Recently Mockeridge 
(25) has shown that nitrogen-fixing bacteria, grown on nitrogen-free medium 
containing di-potassium phosphate, magnesium sulphate and calcium 
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carbonate, produce all the chemical complexes essential to the production of 
nucleic acid. She was able to demonstrate the presence of phosphoric acid, 
a carbohydrate, two purines, adenine and guanine, and also pyrimidine 
bases. The nitrogenous bases were evidently synthesized from free atmos- 
pheric nitrogen. 

In a private communication to the authors, Benedict criticized the use of 
silver lactate as a precipitant for uric acid because of its lack of specific- 
ity. He maintains that silver lactate is not to be classed in any way 
with ammoniacal silver magnesium mixture (26) as a specific precipitant 
for uric acid. Folin and Wu (27) also clearly recognized the lessened 
specificity of silver lactate and introduced the extra step of decom- 
posing the precipitate with acid sodium chloride solution, whereas they 


TABLE 6 


Production of purine by bacteria on synthetic medium containing no protein and no 


purine material 
Uric acid was precipitated with silver magnesium mixture. 


B. fecalis alkaligenes 


MILLIGRAMS OF URIC ACID IN 100 cc. 


AGE OF CULTURE NUMBER OF CULTURE TUBE OF CULTURE MEDIUM 


30 days 0.351 
30 days ’ 0.253 
30 days K .299 
30 days .370 
30 days .282 
30 days j . 280 
30 days 400 
30 days 8 290 
30 days .238 
30 days . 266 
30 days 11 244 
30 days 12 253 


could obtain accurate results with silver magnesium mixture when the 
entire precipitate was dissolved in cyanide. Bulmer, Eagles and Hunter 
(22) demonstrated the fact that the uric acid determination gave results 
higher with the direct Benedict procedure than with the Folin-Wu method 
requiring preliminary separation of this purine body. The Toronto investi- 
gators have recently discovered in blood an unknown substance, which 
they termed “substance X,’’ and which they believe is responsible for the 
high results obtained with the direct method of Benedict. 

Benedict (28) subsequently reported the isolation from the blood of a 
gram of a compound in pure crystalline form which reacts positively with 
arseno-phosphotungstic acid. This substance is precipitated by silver 
lactate, but not decomposed by acid sodium chloride. In a still more 
recent communication Hunter and Eagles (29) described the preparation 
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from the blood of a compound, ‘“‘substance X,”’ gave some of its prop- 
erties, and determined its empirical formula as Cs5H,,N.O,. They believe 
that it contains a pyrimidine nucleus. It is precipitated by silver nitrate 
in acid solution. It is, however, not freed from its silver compound by the 
sodium chloride-hydrochloric acid mixture of Folinand Wu. This hitherto 
unknown substance is mainly responsible for the difference in values for 
uric acid obtained by the direct method and by the indirect method. It 
is present in the human blood to the extent of 10 to 12 mgm. per 100 ec., 
and is confined entirely to the corpuscles. 

Our experiments lead us to believe that the substance X is present in the 
bacterial cultures which gave positive reactions for uric acid. After the 
addition of silver lactate to the protein-free bacterial filtrate, we obtained 
a precipitate, which was washed with 10 per cent sodium chloride in 
decinormal hydrochloric acid to remove any uric acid. The residue remain- 
ing undissolved by the acid chloride solution, when treated with arseno- 
phosphotungstic acid and cyanide, gave very decidedly the characteristic 
blue color reaction. 

In the light of the findings of Hunter and Eagles, the criticism of Bene- 
dict loses some of its force. Nevertheless, we proceeded to substitute 
ammoniacal silver magnesium mixture for silver lactate. The experiments 
in Table 6 record positive results obtained with the magnesium mixture as 
the precipitant for uric acid. 

Benedict in his private communication also objected to the employ- 
ment of his method in the determination of uric acid in biologie fluids other 
than blood and urine. In his own laboratory Ruth B. Howland (30) deter- 
mined the uric acid produced by paramecia. She, however, took the 
extra precaution of heating her filtrates with dilute acid to remove hydrogen 
sulphide, which gives a positive reaction with Benedict’s uric acid reagent. 


We have followed Benedict’s suggestion of removing any possible traces of 


hydrogen sulphide. In the experiments following we boiled the protein- 
free filtrate with dilute acetic acid and also used 15 drops of the silver 
magnesium mixture of Benedict and Hitchcock (26) to precipitate the uric 
acid. With these modifications we still obtained in the culture media a 
positive reaction for uric acid as shown in the tables on page 444. 

It is clear, therefore, that certain varieties of bacteria have the power of 
producing uric acid when grown upon purine-free media. Synthetic pro- 
duction of purine by bacteria present in the intestine and elsewhere in 
the body has an important bearing upon the question of blood uric acid 
in normal and in various pathological conditions. The absorption of bac- 
teriogenous purines from the gastro-intestinal tract may help to explain 
why the purine production in persons suffering from gout is not completely 
controlled by restriction of exogenous purines in the diet. Hyperuricae- 
mia in gout continues even on a purine-free diet. This may be due in part 
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rABLE 7 
Production of purine by bacteria on synthetic medium containing no protein and no 
purine material 
The bacterial filtrates were heated with dilute acetic acid to remove any traces 
of hydrogen sulphide. Uric acid was precipitated with silver magnesium mixture. 


B. enteritidis 


AGE OF CULTURE NUMBER OF CULTURE TUBE MILLIGRAMS OF RIC ACID IN 100 
OF CULTURE MEDIUM 


4 days 0.256 


4 davs 0.238 
4 days 0.222 
4 days 0.290 
0.250 
0). 263 


0. 252 


4 days 
4 days 
days 


4 days 0). 241 


rABLE 8 
B. fecalis alkaligenes 


IGR URK 00 cx 
OF CULTURE MEDIUM 


4 days 0. 400 
4 days ; 0.345 
4 days é 0.165 
4 days 0.187 
4 days 0.250 
4 days j 0.189 
4 days 0.156 
4 days 0.202 


TABLE 9 
B. enteritidis 


MILLIGRAMS OF URIC A( N 100 cc. 
OF CULTURE NUMBER OF CULTURE TUBE SSLAIGRAMS OF C ACID IN 100 cc 
OF CULTURE MEDIUM 


0.286 
0.313 
0.155 


6 days 
6 days 
6 days 


TABLE 10 
B. fecalis alkaligenes 


Of CULEURE MILLIGRAMS OF URIC ACID IN 100 cc. 
Of CULTURE MEDIUM 


0.250 
0.238 
0). 247 


6 days 
6 days 
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to the absorption of purines produced by bacteria which are parasitic to the 
human organism. 

The bacterial production of purines should also have an important bear- 
ing upon the question of purine-free foods. Dairy products, milk, cream, 
butter and cheese are usually placed on the list of foods considered to be 
purine-free. Yet it is well known that these products as usually marketed 
contain great numbers of bacteria, which possess as structure material large 
amounts of nucleic acid. It is not out of place to mention that Mathews 
in the 4th edition of Physiological Chemistry, page 32), states as follows: 
“In 100 e.c. milk, both cow and human, there are found in mgs. 20-30 
total non-protein N; 6-17 urea N; 2.6-7.3 amino N; 1.0-1.3 creatinine; 
2.0-3.4 creatine; 1.4—-2.0 uric acid. These amounts are practically those 
found in blood plasma. (Denis Talbot and Minot).”’ 

Bread is also usually considered to be purine-free in spite of the fact 
that yeast is used in its preparation, and yeast is well known to contain 
purines. 


The question of the amount of purine in fermented beverages is also 
important. Such beverages contain a great number of microOrganisms or 
their products. We have verified in our laboratory the fact, already known, 
that both wines and beers contain considerable amounts of purine 

The samples analyzed gave the following quantities of uric acid: 


Sample Wine.. 0.698 mgm. in 100 ce 


1. 
Sample 2. Wine 1.000 mgm. in 100 
Sample 3. 

Sample 4. Near-beer (Storz 0.492 mgm. in 100 
Sample 5. Near-beer (Budweister 0.552 mgm. in 100 ee 
Sample 6. Near-beer (Schultz). . . 0.516 mgm. in 100 


Near-beer . 0.296 mgm. in 100 


The samples of beer and wine (10 cc.) were treated with sodium tung- 
state and two-thirds normal sulphuric acid to precipitate proteins. Uric 
acid was determined in the protein-free filtrate after preliminary isolation 
with silver lactate. The precipitate of silver urate was treated with 
10 per cent sodium chloride in decinormal hydrochloric acid. 

It is possible that this purine in fermented liquors is an important 
factor in the production of gout. Yet the etiological responsibility is 
usually placed upon the alcohol and not upon the purine. Osler (31) 
says, in discussing the etiology of gout: “‘Alcohol is an important factor. 
Fermented liquors are more apt to cause it than distilled spirits, and the 
disease is much more common in England and Germany, the countries that 
consume the largest amount of beer per capita.” If, as the textbooks usu- 
ally claim, it is the alcohol content of these beverages, and not the purine, 
that is the important causative factor in gout there seems to be no reason 
why distilled liquors, which contain a far higher percentage of alcohol than 
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wine or beer, should not play a correspondingly greater réle in the etiology 
of this disease. 

It seems probable that it is the purine and not the alcohol present in 
these beverages that constitutes an important predisposing cause of gout. 
This point seems to have been felt a long time ago by Minkowski (32), who 
directed his gouty patients to take wine sparingly or not at all, and to 
abstain rigidly from beer because of its nuclein content. Yet he did not 
see the possibility of the production of uric acid through the synthetic 
activity of microérganisms and that the uric acid thus formed may be a 
source of oxypurine in the blood, arising from other than the already 
known endogenous and exogenous sources. 

Bacteriogenous purine production should also help to explain reasonably 
the hyperuricaemia that occurs in intestinal obstruction. Such purines 
absorbed into the blood from the obstructed bowel could probably be 
considered as a cause of the increase in the uric acid in the blood and urine. 
This point requires investigation. The fact that bacteria are able to 
produce purine and uric acid from non-purine food may account for 
some of the purine in question. The same fact may explain in part the 
hyperuricaemia that occurs in the various infections. The high blood uric 
acid in conditions like nephritis, lead or mercury poisoning may perhaps be 
explained adequately on the basis of retention, but the hyperuricaemia that 
accompanies infections, like pneumonia and non-gouty arthritis, may not 
all result from accelerated metabolism, but may arise in part from bacteri- 
ogenous purines. 

It is a known fact that bacteria have the power to synthesize purines 
for the formation of nucleic acid. Sivén (33), on the other hand, showed 
years ago that some microérganisms break down purines present in their 
culture medium, and Morris and Ecker (34) recently have shown that 
certain bacteria can destroy uric acid placed in their growth medium. 
Our work demonstrates that some forms of bacteria may react in an entirely 
different way, for we have observed that when they are grown in purine- 
free medium, part of their synthesized purine becomes converted into uric 
acid. 

In closing, we wish to state that the colorimetric determination shows 
the presence of uric acid in liquid media in amounts much smaller than 
in blood. We are at present, however, engaged in the attempt to isolate 
this purine compound by crystallization. 


CONCLUSIONS 


1. Certain bacteria commonly parasitic to human beings synthesize 
purines and convert part of them into uric acid. The following organisms 
showed evidence of uric acid formation in non-purine medium: B. fecalis 
alkaligenes, B. enteritidis, B. paratyphoid B, a mixed culture from the 
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oral cavity, and one strain of staphylococcus pyogenes albus. The fol- 
lowing organisms did not produce uric acid when grown on non-purine 
medium: B. coli communis, B. pyocyaneus, B. proteus vulgaris, B. bulgari- 
cus, sarcinae and some strains of staphylococcus pyogenes albus. It is to 
be noted that pyocyaneus, proteus vulgaris, and staphylococcus pyogenes 
albus, grown upon peptone medium containing purine, did give rise to 
the formation of uric acid. This formation seems to be the result of the 
hydrolysis of nucleoprotein or nucleic acid present in the peptone medium 
itself and the subsequent oxidation of the released purines. 

2. The fact that uric acid is produced by microérganisms should have 
an important bearing upon the normal and pathological variations in the 
uric acid of human blood. If the urie acid produced by bacteria is, like 
indican, absorbed unchanged from the bowel or from any other anatomic 
region, it would tend to add to the content of the blood uric acid of 
endogenous and of exogenous origin. 

3. The classification of purine sources in the human body should be en- 
larged to include besides the endogenous and exogenous factors a hitherto 
unrecognized bacteriogenous factor. 
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On the seventh of May, 1925, Dr. W. J. Macdonald (1925) of St. 
Catherine’s, Ontario, read a paper before the Canadian Medical Association 
at its meeting in Toronto, describing the effect of liver extract on the blood 
pressure of individuals suffering from hypertension. The writer was 
present at that meeting and subsequently was invited by Prof. J. J. R. 
Macleod to collaborate with Macdonald at the Physiological Laboratory 
of the University of Toronto; an invitation which was eagerly accepted. 

Our first experiments were made on rabbits under urethane anesthesia, 
the blood pressure being recorded from the carotid artery in the usual 
way, and the injections made through a cannula inserted into the external 
jugular vein. We soon found that the rabbit is not a suitable animal for 
these experiments on account of its irritability, and since the writer’s 
return to California a repetition of the experiments has confirmed this 
opinion. For instance, injections of liver extract are usually followed by a 
gradual fall of blood pressure, which may go on to the death of the animal; 
sometimes there is a sudden initial drop and sometimes not, depending on 
the dose (?), and the initial fall is usually preceded by a slight rise. When 
one remembers, however, that a rabbit suspended by the ears may bleed 
to death into its splanchnic vessels, it throws doubt on the validity of the 
results, when an experiment extends over several hours with the rabbit in 
the dorsal decubitus. Control rabbits with no injections show, in many 
instances, a similar fall in blood pressure. As an illustration, a rabbit was 
prepared for taking the blood pressure and then simply allowed to lie on 
its back without further treatment. There was a fall of 48 mm. Hg in 
four hours. When cats and dogs are used, the results are much more 
constant. 

Figure 1A shows the result of an intravenous injection into a dog, of 0.2 
ec. of liver extract, kindly furnished by the Connaught Laboratory. The 
fall is immediate and marked; the fall varying according to the dose, from 
20 mm. to 50 mm. or more. With large doses the pressure drops to zero 
and the animal dies promptly. With small doses the pressure returns to 
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the original level in a few minutes. Figure 1B was taken from the same 
dog as 1A but after an interval of one hour. The fall of pressure is due to 
the injection intravenously of 0.1 mgm. of histamine, to show the identity 
of the curves. 

Observations on the cat’s ear by the method of Lombard (1911-12) 
when liver extract is injected, gives a picture very similar to that described 
for histamine. The circulation becomes slower; it may even stop in an 
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Fig. 1. Dog. weight 13.8 kilos. Urethane anesthesia. A, after injecting 0.2 ce. 
liver extract. Initial pressure 150mm. B, after injecting 0.1 mgm. histamine (cal- 
culated as base). Initial pressure 172 mm. 


anastomotic branch or its direction may be reversed. Capillaries that were 
invisible before, come into view and the microscopic field seems to the 
writer to turn a deeper pink. Whether there is an effect on the arterioles 
could not be made out; measurement of these changes is very difficult, 
and was not attempted. 

The skin reaction of liver extract is identical with that of histamine, the 
resulting wheals being indistinguishable. 

The clinical interest aroused by Macdonald’s observations has somewhat 
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obscured the interest that would otherwise be manifested in the physio- 
logical action of liver extract. Obviously a substance possessing such a 
powerful effect on the circulation must be used with care therapeutically, 
and its physiological action should form the basis upon which it is pre- 
scribed. The foregoing is a brief account of attempts along this line and 
is published at this time because the results differ somewhat from those of 
other observers. In a recent paper, James, Laughton and Macallum 
(1926) describe the result of injections into rabbits of liver extract. The 
blood pressure curve shown (their figure 2) following an injection of 3 ec. 
of liver extract is significant. Compared to the fall obtained in the dog with 
0.2 cc. (fig. 2A of this article) rabbits seem not to be very susceptible, 
assuming the extract to be the same; an assumption that is warranted if 
we recall that James made the first liver extract for Macondald (1925). 
The initial fall is strikingly like that produced by histamine, only the 
return to the original level is but partially successful. Is it because of the 
posture of the animal, or has the large dose employed injured the periph- 
eral mechanism to such an extent that there is no “comeback”? Because 
a substance reduces a high blood pressure to normal and keeps it there, 
it does not follow that that substance should reduce a normal pressure to 
subnormal and maintain it at that level. Major (1925) found that it took 
very much larger doses to reduce normal pressures, than it did to reduce 
hypertension due to guanidin. 

Subnormal pressures are abnormal and the fact that they stay down 
indicates to the writer, at least, that some damage has been done to the 
peripheral mechanism whereby the pressure is normally kept at a certain 
level. If it is true that essential hypertension is due to constriction of the 
peripheral vessels it is conceivable that the liver extract inhibits the con- 
striction, and perhaps removes the cause, allowing the pressure to maintain 
its normal level; while in experimental animals having normal pressures 
to start with, its action should be transient. That is what one finds when 
liver extract is injected into cats and dogs. The fall is temporary, the 
normal level being regained in a few minutes. It takes large doses to 
maintain subnormal pressures—doses so large as to be on the danger line. 

Attention has been called to the similarity of the liver extract and the 
histamine curves. James, Laughton and Macallum (1926) state quite 
positively that there is no histamine or choline present in the liver extract. 
A glance at their figure 2 shows the preliminary rise followed by the sharp 
fall in pressure which is quite characteristic of histamine in herbivora. That 
the pressure did not return to the original level may be due to the large 
dose given. Figure A and B of this article gives comparative curves for 
liver extract and for histamine in the dog. This, together with its effect 
on the capillaries, the postmortem appearance, the urination and defecation 
that follow the injection of large doses, or the repeated injection of smaller 
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doses of liver extract, seems to the writer to be good biological evidence 
for the presence of histamine or a histamine like substance. According 
to the observations of Abel and Kubota (1919) “histamine is a w’ ely 
distributed constituent of all animal tissues, organs,” etc. That may have 
to be taken ‘“‘cum grano salis’’, but on the other hand the known blood 
pressure regulating mechanism of the organism seems to fulfill its functions 
satisfactorily without calling to its aid a specific secretion from the liver. 
Macdonald has come upon a valuable therapeutic agent, and whether it 
proves to be a specific secretion or not, it is the opinion of the writer that it 
will be found to be histamine or probably histamine in combination with 
some other substance somewhat in the same way that iodine is combined 
in the thyroid secretion. At present one hesitates to make such a state- 
ment more definite than an opinion, but it is warranted by the facts thus 
far ascertained. The chemist will have to settle the matter ultimately; 
until then one has to admit that the action of liver extract is strikingly 
like that of histamine. 


SUMMARY 


Attention is called to the fact that rabbits are unsatisfactory animals for 
long-continued experiments on blood pressure for the reason that their 
pressure falls continuously from the influence of the dorsal decubitus 
alone. 


The similarity of curves due to liver extract and those due to histamine 
is pointed out, and the opinion is expressed that histamine possibly com- 
bined with some other substance, is responsible for the lowering of blood 
pressure when liver extract is injected; an opinion which is based on bio- 
logical evidence. 
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Since double suprarenalectomy was first performed in the rat, conflicting 
results as to the effect of the operation on the life of this animal have been 
reported. The papers and monographs of Brown-Séquard (1856), Boinet 
(1895), Hultgren and Andersson (1889), Strehl and Weiss (1901), H. and 
A. Cristiani (1902), Schwarz (1910), Kahn and Starkenstein (1911), 
Biedl (1913), Stewart and Rogoff (1918), Lewis (1923), Scott (1923) may 
be consulted. The present accepted view is that more than 50 per cent 
of rats survive double suprarenalectomy indefinitely in good condition. 
According to our experience, this opinion is incorrect and was arrived at 
because the animals were not studied for a sufficiently long time after 
suprarenalectomy. 

The data of 90 consecutive suprarenalectomized rats, which were fol- 
lowed for as long as a year after operation, are summarized here. Tame 
albinos reared in the laboratory under good nutritional and environmental 
conditions were used. They were 30 to 59 days old, and weighed from 47 
to 117 grams at operation. Snuffles and other diseases are unusual in our 
stock, and spontaneous death in animals under one year of age is rare. 
Suprarenalectomy was performed through the dorsal route under light 
ether narcosis, the entire operation taking about 3 minutes. After opera- 
tion the animals were kept in separate cages, in a warm room, and fed on a 
mixture of bread and milk. Two or 3 weeks later, when they were suffici- 
ently recovered, 4 or 5 rats were placed together in large stock cages, the 
bedding of which was frequently changed. The temperature of the animal 
room was kept at about 70° F., and the animals were fed on a complete diet 
including fresh milk and vegetables. They were observed daily, and nota- 
tion of the clinical condition and weight was made at 2-week intervals. 
Animals doing poorly were separated, each in a small cage, in order to 
improve their chances of survival. 

Autopsies were performed on all rats and a thorough search for suprare- 
nal accessories was made. Moribund animals were frequently killed to 
secure good autopsies, while a number of rats were killed after months of 
observation to terminate the experiment. 
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Data. The 90 rats fall into three groups as follows: 

Group 1. Acute and subacute suprarenal insufficiency. Thirty-two of 
the 90 rats, or 35 per cent, belong to this class which comprises animals 
dying within 30 days after operation. No deaths occurred before the 4th 
day when 2 rats died; 24 died from the 5th to the 12th day; 6 died from the 
13th to the 30th day. The major number of deaths in this group, 81 per 
cent, occurred before the 13th day. 

During the first 2 weeks after suprarenalectomy it is difficult to know 
which rats will die of acute insufficiency. The animals are in good clinical 
condition until a few hours before the decline when they refuse food, be- 
come lethargic, and die, sometimes with convulsions. Fourteen rats that 
died within 2 weeks had gained as much as 15 per cent in weight since 
operation, showing that a gain in weight during this period does not neces- 
sarily indicate that the animal will survive. However, a progressive loss 
in weight prognosticates death, and occurred in 14 other rats. 

Three or 4 weeks after suprarenalectomy animals suffering from insuffi- 
ciency are asthenic and emaciated, but in spite of emaciation, most of these 
rats gain weight after operation, due to skeletal growth which is not inter- 
rupted. The insufficiency becomes more pronounced, and death follows. 
Animals dying during these 2 weeks have been arbitrarily classed as dying 
of subacute insufficiency. 

The major autopsy findings in animals dead of acute or subacute supra- 
renal insufficiency are an enlarged thymus and lymph nodes, hemorrhagic 
erosions of the stomach mucosa, congestion of the internal organs, and a 
depletion of subcutaneous and abdominal fat varying in degree with the 
survival time after operation. No gross accessory tissue is found. These 
animals live as long as their microscopical accessories are functionally 
active, and die because these accessories cannot hypertrophy and finally 
exhaust themselves. Death in these animals is therefore directly attribut- 
able to the removal of both main suprarenal glands.' 

Group 2. Chronic suprarenal insufficiency. Forty-two rats or 46 per 
cent of our animals, kept under optimum conditions, developed chronic 
suprarenal insufficiency, which resulted in death some time after the first 
month. Most of the animals of this group died within 6 or 7 months after 
operation, and nearly all of them were insufficient for some months before 
death. The occurrence of chronic suprarenal insufficiency in rats has been 
repeatedly denied, and it has been stated that if an animal makes a good 
operative recovery, and survives for a month, it will live indefinitely in 


1 In sectioning serially the retroperitoneal tissues including the aorta and vena 
cava in normal rats of various ages, we found microscopical suprarenal cortical 
accessories very frequently. In rats dead of chronic suprarenal insufficiency no 
active accessories were found when the corresponding tissues were sectioned, and the 
accessories that were present appeared as nests of degenerated cortical cells. 
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good condition (Lewis, 1923). This generalization is incorrect and origi- 
nated because observers have terminated their experiments too soon after 
suprarenalectomy, and have denied the occurrence of a condition without 
affording themselves the opportunity to observe it. 

The distinguishing signs of chronic suprarenal insufficiency appear as 
early as 1 month after operation, after which the condition becomes pro- 
gressively worse. Emaciation is the earliest and best diagnostic feature. 
Young chronically insufficient rats may suffer a marked loss of fat and still 
gain slightly in weight since skeletal growth continues after suprarenalec- 
tomy, as has been mentioned. However in such rats no gain or a loss in 
weight is a forerunner of death. The emaciation of chronically insufficient 
rats is strikingly brought out when their weights are compared with litter 
and sex controls kept often in the same cages. Those dying several months 
after operation may weigh 50 per cent less than their controls, while an 
even greater difference in weight is not uncommon (see table 1). 

Suprarenalectomized rats also show a lowered resistance to natural 
infections. Many develop snuffles which may clear up if the animals are 
segregated, but which may also terminate in chronic pneumonia. These 
intercurrent infections while not causing the death of chronically insuffi- 
cient rats, nevertheless are contributory factors. Among the control rats 
snuffles is infrequent despite the circumstance that they live with the 
operated animals. In addition the operated animals are subject to skin 
infections. The hair loses its glossiness, becomes brittle, falls out, and 
leaves exposed patches of skin with scabs. When the skin infection is 
extensive the animal becomes irritable, and objects to being handled. 
Normal rats only rarely contract these skin infections, which are not nutri- 
tional but parasitic, for one treatment with kerosene frequently cures them 
completely. 

Asthenia is another distinguishing feature of the rats in group 2. Strug- 
gling easily exhausts them, often causing collapse and death. 

The changes found at autopsy in animals dead of chronic suprarenal 
insufficiency are more pronounced than those described for group 1. The 
viscera and sex glands are markedly atrophic, the kidneys are frequently 
granular, and the thymus and lymphoid tissues are prominent providing 
the emaciation is not too great. However, the most striking autopsy 
finding is the disappearance of fat which may be complete in rats insufficient 
for along time. Other animals have only very small amounts of fat, fre- 
quently not more than ,4, of the quantity seen in a well-nourished control. 
No gross accessory tissue is found, and in this group, too, survival depended 
upon microscopic accessory tissue which slowly exhausted itself. 

One of our chronically insufficient rats died and presented a gross acces- 
sory at autopsy. The histological examination of this tissue showed 
distortion of the cells and fibrosis, so that its recognition as suprarenal tis- 
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sue was difficult. Death followed when the accessory became physiologi- 
cally inadequate because of these changes. Table 1 compares some data 
from the protocols of 10 typical chronically insufficient rats and their sex 
and litter controls. 

Group 3. Biologically normal rats. Sixteen rats or 19 per cent of our 
series have remained in excellent condition as long as one year after supra- 
renalectomy, approaching or exceeding their normal litter and sex controls 
in weight and activity. At no time after operation was there any emacia- 
tion, and as early as 6 weeks after suprarenalectomy these animals were 
clinically distinguishable from the rats of group 2. 

When killed to terminate the experiment, the autopsies showed large 
amounts of fat and normal viscera. In each instance an accessory supra- 
renal._mass was found at or near the suprarenal sites, consisting entirely 
of cortical tissue. The mass was often as large, and occasionally twice as 
large as a suprarenal gland of a normal animal of corresponding size. 
From the biological point of view such animals must be considered normal 
rats, for suprarenalectomy appears not to have affected them functionally 
in any way. Immediately after operation the accessories underwent 
rapid and marked hypertrophy, which was sufficient to compensate for 
the loss of both main glands. These findings again emphasize the vital 
importance of suprarenal cortical tissue. Table 2 compares 8 such 
rats with their sex and litter controls. 


SUMMARY 


Ninety rats were followed for a period of 1 year after suprarenalectomy 
and upon analysis were divided into 3 groups. The first group, 35 per cent, 
died within 30 days after operation from acute and subacute insufficiency, 
the great majority of deaths occurring before the 13th day. The second 
group, comprising 46 per cent of the total, consisted of animals which sur- 
vived suprarenalectomy for many months, but which were chronically 
insufficient and suffered from progressive emaciation resulting in marked or 
complete absence of fat, asthenia, and lowered resistance leading in some 
instances to snuffles and skin infections. Most of these animals died within 
7 months after operation, no gross accessories being found at autopsy. 
The syndrome of chronic suprarenal insufficiency in rats has never been 
adequately emphasized. The third group, 19 per cent of the entire series, 
consists of animals in which suprarenalectomy is followed by no demon- 
strable clinical effects. These animals are biologically normal rats in 
every respect, and large accessory cortical masses are always found at 
autopsy. 

When rats are studied clinically for many months after suprarenalec- 
tomy, the seriousness of this operation in regard to the ultimate life of the 
animal becomes evident. Contrary to the reports in the literature, we 
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found that fully 80 per cent of rats die from the effects of suprarenal 
removal within a year after operation. 
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That skeletal muscle fibers may be innervated by non-medullated nerve 
fibers has been known since the report of Tcheriew in 1879. In the suc- 
ceeding twenty-five years these observations were twice confirmed, by 
Bremmer (1882) and by Perroncito (1902). Origins and functions which 
differed as their descriptions had differed were suggested for these fibers 
by these men. But in 1904 Mosso presented, without factual basis, the 
theory of their derivation and function which has dominated modern 
investigation, in brief, that these nerve fibers belong to the sympathetic 
system and represent the efferent path for skeletal muscle tone. This 
presented the problem ina new light, and during the succeeding twenty- 
two years stimulated much work and more controversy. The literature 
dealing with this subject has been repeatedly reviewed, that previous to 
1923 exhaustively by Spiegel, again in 1925 by Cobb, the earlier anatom- 
ical findings critically by Wilson (1921),and the characteristics of tone as 
such by Sherrington (1915). To recapitulate this in detail would be 
futile; a summary of the more recent work will outline the present status 
of the problem. 

The Dutch anatomists Boeke and Dusser de Barenne (1919), and 
Agduhr (1919) demonstrated that in certain skeletal muscles of cats, non- 
medullated nerve fibers terminate in end plates of a motor type on striated 
muscle fibers and that often the same muscle fiber contains endings of 
both medullated and non-medullated nerve fibers. Kuntz and Kerper 
(1924) have described the same for the intercostal muscles of the dog, and 
the careful work of Garven (1925) on the panniculus carnosus of the 
hedgehog has shown a similar innervation in this muscle also. On the 
basis of evidence presented by Boeke (1916), (1917) and Agduhr (1919) 
these observers believe the non-medullated fibers to be of sympathetic 
origin, and consider, therefore, that a single muscle fiber may be inner- 
vated both by somatic and by sympathetic neurones. 

On the other hand, Kulchitsky (1924) from studies of python muscle 
described an entirely different scheme of innervation. He confirmed the 
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distribution of both medullated and non-medullated nerve fibers, the 
types I and II as he denominated them, to striated muscle fibers, but 
with this important difference that in the single muscle fiber endings of 
only one type of nerve fiber were to be found, a single innervation of the 
single muscle fiber, though a double innervation of the muscle as a whole. 
To be sure, Dart (1924), working on Kulchitsky’s preparations, described 
nothing of this sort, but rather the type of double innervation demon- 
strated by Boeke and Barenne (1919), both kinds of nerve fiber, medul- 
lated and non-medullated distributed to each muscle fiber, but with a 
very different interpretation of their origin and function. 

Early work in histology had shown that in skeletal muscle, two types of 
fiber could often be distinguished, thin dark fibers rich in sarcc-plasma, 
and large clear fibers, poorer perhaps in sarco-plasm, but with well de- 
veloped fibrillar structure, with, to be sure, all intermediate grades. These 
types, variably differentiated are probably mixed in all muscle, but the 
preponderance of the one or of the other may produce the red or white 
muscle so clearly distinguished in birds and in a few mammals such as the 
rabbit, while if the mixture is fairly equal or the differentiation poor, 
muscle neither obviously red nor white results, the condition common in 
mammals including man. The literature dealing with this subject has 
been thoroughly reviewed by Needham (1926). 

This differentiation of fiber types is marked in python muscle, and 
Hunter (1924) pointed out that Kulchitsky (1924) had figured the medul- 
lated nerve fibers as distributed to the large clear muscle fibers and the 
non-medullated nerve fibers to the thin dark muscle fibers, a further spec- 
ificity of double innervation. This is in accord with the early observa- 
tions of Tscheriew (1879) and Perroncito (1902) who found the endings 
of the non-medullated nerve fibers, the “terminaisson-en-grappe”’ of the 
former on the finer muscle fibers. Furthermore, Hunter and Latham 
(1925) described for skeletal muscles of birds and goats the distribution of 
the non-medullated nerve fibers to certain groups of muscle fibers, and of 
the medullated nerve fibers to others, again a single innervation of the 
single muscle fiber and a double innervation of the muscle as a whole 
with, however, in the species used, no distinction between the groups 
of muscle fibers other than their different innervation. With this, 
Boeke’s (1910) original description for a bird, the starling, of the double 
innervation of the single muscle fiber must be considered. 

In frog muscle also the two types of fiber are distinct, but in this species, 
as shown by Garven (1925) and confirmed by Hines (1926), all the muscle 
fibers irrespective of size or density are innervated by medullated nerve 
fibers, the same axis cylinder, indeed, as it passes through the muscle 
often giving off collaterals to large and small muscle fibers in succession. 
The non-medullated nerve fibers found in methylene blue preparations of 
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frog muscles by Hines (1926) and which were not seen after sympathec- 
tomy, travel with the blood vessels and join the ramifications of the medul- 
lated nerve fibers in some of the motor end plates, a distribution which 
accords largely with Boeke’s (1919) description of the double innerva- 
tion, of the single muscle fiber and in no wise with the scheme outlined 
by Hunter and Latham (1925). 

The distinction of types of muscle fiber and the relation of sympathetic 
and somatic innervation thereto is therefore far from clear. The studies 
on amphibia, reptilia and birds have yielded no accepted scheme of in- 
nervation for the skeletal muscle of these classes, but for the mammal, 
excepting the incomplete report by Hunter and Latham (1925) of studies 
on goats, the double innervation, both by medullated and by non-medul- 
lated nerve fibers of the single muscle fibers, and the poor differentiation 
of muscle fiber types seems fairly established. 

The suggested tonic function of this accessory innervation of skeletal 
muscle was put to test by de Boer in 1913. In a series of experiments on 
frogs he sectioned the grey rami communicantes passing from the abdomi- 
nal sympathetic chain to the sciatic plexus and described loss of tone on 
the side of lesion comparable with that following section of the sciatic 
nerve. In a second series, the same procedure was carried out on cats 
with a similar though less marked loss of tone. The observations on the 
frogs were immediate, one of the cats surviveda month. Thus the theory 
advanced by Mosso in 1904 was supported by experimental evidence 
nearly ten years later. This work stimulated repetition, and during 
the next ten years many reports, most of them on short series of crucial 
or short term experiments, demonstrated clearly that the loss of tone fol- 
lowing sympathectomy was certainly not complete, nor even gross, but 
left doubtful whether in the absence of sympathetic function, tone was 
in all respects normal. 

At this point Hunter (1925), using Kulchitsky’s (1924) scheme of in- 
nervation and Langelaan’s (1915), (1922) analysis of tone into two ele- 
ments, plastic tone maintaining imposed form, and contractile tone which 
is, perhaps, the classical “slight continuous contraction of muscle,” 
constructed a theory by which contractile tone is a function of one group 
of muscle fibers, in some species distinct as the large clear type, and soma- 
tically innervated, whereas plastic tone is a function of another group, 
the thin dark fibers when differentiated, and sympathetically innervated. 
In support of this theory Hunter (1924a, b, c) and Royle (1924a, b) 
presented evidence of their own. From observations on birds, goats and 
spastic patients they described definite diminution in plastic tone, as in- 
dicated by such phenomena as the poorer maintenance by a limb of pas- 
sively imposed posture, and the disappearance of spasticity from the 
knee jerk, developing gradually, during days or weeks, after avulsion of 
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the sympathetic rami to the part. The large objection, brought out by 
all critics, to the use of this evidence in support of the theory is the time 
elapsing between section of the efferent neurone and loss of the muscular 
function. 

The work of Hunter and Royle provoked discussion, which led to fur- 
ther experimentation. With respect to the sympathetic nerves, two meth- 
ods have been used, lesion and stimulation. The results from the former 
will be considered first. Kuntz and Kerper (1924), (1926) extirpated 
one lumbar sympathetic chain in six dogs and detected a temporary hypo- 
tonia in the limb deprived of sympathetic innervation, lasting at most a 
few weeks. The operation was repeated in a second series, and in these 
even the temporary hypotonia was not apparent, except in ether anesthe- 
sia, but could be demonstrated in tonus curves taken according to the 
method devised by Spiegel (1923). In a third series, tonus curves were 
taken, with the same result, and in these the diminution in plastic tone 
following section of the sympathetic nerve supply to the limb exceeded 
that following section of the somatic nerve supply, though by the latter 
all tone which is a proprioceptive reflex from the muscle itself would be 
abolished by section of the afferent side of the reflex arc. These observers 
also repeated and confirmed some of Hunter’s (1924) experiments on 
fowls. With the exception of a brief report by Foix (1924) of hypotonia 
following sympathectomy in dogs, this exhausts the evidence presented 
in support of the theory of sympathetic innervation of tone arguing from 
a diminution in tone following sympathetic lesion. 

Newton (1924) extirpated one lumbar sympathetic chain in a series of 
rabbits, and found no hypotonia and no change in heat production in the 
limb deprived of sympathetic innervation following the operation. 

Kanavel, Pollock and Davis (1925) contributed two studies to this sub- 
ject. In a series of sixteen cats, unilateral sympathectomy was followed 
after fourteen to sixty-three days by anemic decerebration. In these 
animals the onset, amount and character of the rigidity were entirely alike 
in the normal and sympathectomized limbs. In twelve patients with 
spasticities of various origins, sympathetic rami-section was done without 
altering appreciably the tone of the spastic extremity. These experi- 
ments on cats have been recently repeated by Hinsey and Ranson (1926), 
making quantitative measurements of the force required to passively flex 
the rigid limbs, with similar results. 

Meek and Crawford (1925) decerebrated a series of twelve dogs at 
times from thirty-three to seventy-seven days following either removal of 
the entire abdominal sympathetic chain, or simple ramisection. By the 
resistance opposed to passive flexon and extension and by the records of 
the knee-jerks, the presence of so-called plastic tone in both hind limbs 
was clearly demonstrated. 
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Lastly, Coman (1926) eliminated the sympathetic innervation from one 
fore limb in a series of cats and dogs by intraspinal section of the first 
to ninth thoracic ventral roots, followed this either immediately or some 
days after by decerebration, and found that rigidity developed simul- 
taneously and to the same extent in the two fore limbs, that plasticity in 
the sense of the ability to maintain a position passively imposed was not 
impaired, and that the postural reflexes were equally active. He also 
carried out the converse experiment: by unilateral intradural section of the 
ventral roots of the brachial plexus he left one fore limb under control 
of its afferent and the sympathetic innervation alone. Following decere- 
bration, done immediately or two to fourteen days later, neither rigidity 
nor plasticity, nor postural reflexes could be demonstrated in the soma- 
tically de-efferented limb. In both these series the distribution of the 
sympathetic or somatic efferents to the limb was verified by unipolar 
stimulation previous to operation. 

The experiments on stimulation of the sympathetic nerves are fewer 
but the results as discordant. In their first series of animals, ten to thirty- 
six days after operation, when the sympathetic nerves to one limb would 
be degenerated, Kuntz and Kerper (1924) arranged under anesthesia for 
stimulation of the nerves to and graphic registration of the contractions 
of both gastrocnemius muscles and took fatigue records. They found 
that whereas the initial contractions were of equal magnitude on both 
sides, on the side of sympathectomy fatigue began immediately and pro- 
gressed more rapidly than in the normally innervated muscle, a dif- 
ference which was not abolished completely by ligation of both common 
iliac arteries. 

A more convincing experiment was reported from Pavlow’s laboratory 
by Orbeli (1923). Orbeli’s pupil Ginezinski, using the isolated hind quar- 
ters of frogs, took contraction records from the gastrocnemius muscle 
both when the anterior roots for this muscle were stimulated proximal 
to the entrance of the sympathetic rami and when to this stimulation was 
added the stimulation of the grey rami themselves. He reported that 
though the initial contractions were not influenced by the added sympa- 
thetic stimulation, immediately fatigue began to appear this stimulation 
increased the regularity and force of the contractions consistently, and de- 
duced from this a trophic function, in Pavlow’s sense, for the sympathetic 
nerves to skeletal muscle similar to the function of the sympathetic nerves 
in the heart. This would appear a solution of the problem had not Wastl 
(1925) repeated Orbeli’s experiments on frogs exactly, with entirely nega- 
tive results. She then carried them out with intact cats and found in 
this animal also, no beneficial effect from the added sympathetic stimula- 
tion but rather a depression, which she ascribed to vaso-constriction in 
the muscle. 
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Previous to section of the thoracic ventral roots containing the sympa- 
thetic efferents for the fore limb, Coman (1926) stimulated these intra- 
durally by the unipolar method, and found in no case any detectable tonic 
effect in the limb musculature. 

The evidence presented in the literature both from extirpation and 
from stimulation of the sympathetic nerves to skeletal structures, is, 
therefore, very contradictory. A number of observers have reported vary- 
ing degrees of hypotonia resulting from sympathetic rami-section or extir- 
pation, but when the variety of disturbances, vasomotor, sensory, traumatic, 
which these operations are attended by is considered such reports seem 
of questionable value, compared with one in which the tone is described 
as normal following lesion of the suspected efferent path. Positive stimu- 
lation experiments would be crucial if confirmed but negative stimulation 
experiments are of doubtful value except as cumulative evidence. How- 
ever, the differences in the reported condition of tone following sympa- 
thectomy seem more quantitative than qualitative. Before 1924 it had 
been clearly demonstrated that in the maintenance of that gross tone, 
which is a proprioceptive reflex from the muscle itself and is best defined 
by its absence from a de-afferented limb, sympathetic function plays 
little part. The more recent work has again shown beyond reasonable 
doubt that the integrity of the sympathetic innervation of skeletal 
muscle is not necessary for the exhibition of plasticity in tone, if by that 
is meant the maintenance of a given postural length by muscle after the 
active or passive process imposing that length has ceased, i.e. the shorten- 
ing and lengthening reactions studied by Sherrington (1909). It is left 
to determine only if tone in all its phases is entirely normal after inter- 
ruption of the sympathetic innervation to skeletal muscle. Though the 
question whether tone as a whole is mediated through the sympathetic 
system, or even plastic tone as such, seems answered in the negative, the 
problem remains, does this system of nerves function in any way to inten- 
sify, modify, or regulate that tone which is fundamentally a somatic 
reflex. 

MODE OF EXPERIMENTATION. This research was designed to investi- 
gate the condition of normal tone and of a number of examples of exag- 
gerated tone in a limb deprived of sympathetic innervation as compared 
with its normally innervated companion. For this purpose the fore limb 
was selected, both because its sympathetic innervation is certainly elimi- 
nated by removal of the stellate ganglion in an operation causing a mini- 
mum of trauma, and because the completeness of the operation, and later 
the course of regeneration can be followed in the eye as well asin the blood 
vessels of the limb itself. The dogs used for these experiments were sub- 
jected, prior to operation, to a careful examination of the use and tone of 
the limbs in normal conditions and sometimes in parathyroid tetany and 
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strychnine poisoning. About half the animals examined had to be dis- 
carded because of differences between the two fore limbs and even in the 
remainder used for these experiments, a possible initial asymmetry not de- 
tected in the examination is a factor that must be kept in mind and is 
eliminated only by averaging results on a series of animals. 

The operation for removal of the stellate ganglion was uniform in all 
the animals reported upon. Through an incision two inches long parallel 
to the posterior inferior border of the scapula and beginning at its pos- 
terior angle, by spreading the fascias along the upper border of the M. 
subcutaneous maximus, entry was made between the M. latissimus dorsi 
and the M. teres major to the space between the M. serratus magnus and 
the ribs. The scapula was pressed forward, the fibers of the M. ileco- 
stalis and M. serratus posterior cleared off the first intercostal space for 
about an inch at its vertebral border and the space opened with a rib 
spreader. The stellate ganglion was either immediately visible or exposed 
by dissection in the adipose tissue. It was lifted, grasped with a hemostat, 
the thoracic trunk and all the rami leading to or from it successively cut as 
far from the ganglion as possible and the ganglion removed entire. The in- 
cision was closed by subcutaneous and subcuticular stitches and after sev- 
eral weeks was usually so healed as to be scarcely traceable. This operation 
was repeated exactly, even to the spreading of the ribs, on the opposite 
side, but the ganglion and its connections left untouched. The operation 
was attended by no hemorrhage, but rarely by pneumothorax and in- 
volved no injury to the limb musculature. Moreover by the double 
operation direct or reflex effects of trauma were equalized in the two limbs, 
the necessity for this having been indicated in an earlier series of unilat- 
eral operations. Only animals in which the incisions healed rapidly and 
without infection were used for future study and such animals even on 
the day following operation evidenced no limitation or pain in movement 
or during examination. Furthermore the animals were prepared and 
later studied in pairs, one right, one left sympathectomy, to eliminate in 
an average of results the influence of habitual right or left leggedness, 
which is commonly exhibited particularly in running. Thus by the ini- 
tial careful selection of animals, the bilateral operation, the preparation 
of an equal number of right and left sympathectomies, and the discarding 
of imperfect preparations, all the factors operating to produce inequality 
in tone or use between the two forelimbs other than those resulting from 
removal of the sympathetic innervation to the one limb, are eliminated 
in the averages of data from the series of animals, except as introduced 
by subsequent procedures such as decerebration. Therefore whatever 
differences in tone or use may have developed between the two fore-limbs 
subsequent to such an operation, if at all consistent throughout the series 
of animals, may justly be considered as having resulted from the unequal 
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innervation of the two limbs, and if differences did not appear, the con- 
clusion is justified that the sympathetic innervation plays no réle in the 
functions examined. Twenty-two animals so prepared yielded the data 
for this report. 

Immediately following operation the eye on the side of lesion exhibited 
a complete Horner’s syndrome, i.e., constriction of the pupil, narrowing 
of the palpebral fissure, enophthalmos, paralysis of the nictitating mem- 
brane and dilatation of the conjunctival vessels. This persisted unmodi- 
fied, except in the blood vessels, for some time, but gradually the narrow- 
ing of the palpebral fissure, enophthalmos and paralysis of the nictitating 
membrane disappeared until by the end of the fifth or sixth month the 
eyes to casual examination usually appeared alike. The pupil however 
remained somewhat constricted. Indeed in one animal operated twenty- 
months ago, the pupil is very little less constricted now than on the day 
following sympathectomy. 

Immediately following operation, also, the blood vessels of the fore leg, 
neck and head were dilated on the side of lesion. The whole leg felt hot 
and the paw pads if lighty pigmented appeared flushed as compared with 
the pallor of the normal paw. This paralytic vasodilatation was repeatedly 
observed to be less than the maximum of reflex dilatation in the normal 
limb. This condition persisted a very short time. In several days the 
vessels had regained tone appreciably, and after ten days or two weeks 
there was usually no detectable difference in temperature or color be- 
tween the two fore-paw pads while the animal was quiet. From this 
time on the blood flow through the two fore limbs, as judged from paw 
temperature and color, was equal during rest, but in prolonged activity 
or in any condition attended by reflex vasodilatation it was greater in the 
normal limb while conversely, in conditions attended by reflex vasocon- 
striction, in this limb it was less. Of course how correctly the vascular 
condition of the paw indicated that of the muscle, which in these studies 
is the significant element, is questionable, and for this reason fine measure- 
ments of paw circulation were not attempted. The vascular condi- 
tion persisted as described in all of the animals of the series, with two 
exceptions, as long as they survived, even to 310 days, and in the one 
animal still living, for twenty months. In two animals, however, (II, 
14) and (II, 15), recovery of reflex vasomotor control in the eighth month 
following sympathectomy is suggested by the data on parathyroid tetany 
in table 3, but as these two animals were just the two exhibiting the 
most severe tetany and were observed only in an advanced stage of the 
attack and only once because they died following the first attack, this 
interpretation is uncertain for it is possible that vasodilatation was pro- 
duced in both limbs by the direct action on the vessels of metabolites pro- 
duced by the excessive activity in the skeletal muscle. 
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In addition to the vascular changes and the data on tone and use to be 
presented later, observations were made on the condition of the skin and 
hair, the degree of muscular development, and the resistance to local 
infection in the two fore limbs. The skin and hair of both fore limbs 
were healthy; the girth of the shoulder and fore leg as frequently measured 
was equal on both sides except in one animal (II, 17) in which the right 
shoulder was initially slightly smaller than the left; scabies affected the 
skin and hair of both fore limbs equally severely; trophic sores appeared 
in only one animal (II, 13) and then on all four ankles; and the healing of 
the incisions progressed alike on both sides. Sympathectomy therefore 
did not alter local nutrition or resistance appreciably. 

In each of the animals yielding data for this report normal tone and use 
and one or more types of exaggerated tone were studied. The data from 
each condition examined are collected in five tables to follow and treated 
separately. Observations on the gait are not included in any of the tables 
or discussed, though repeatedly made, because in no animal was a signifi- 
cant difference between the two fore limbs detected in their actual use, that 
is in running, walking, or standing, whether fresh or fatigued, either im- 
mediately or months following removal of the sympathetic innervation 
to the one limb. 

RESTING TONE, that is the condition of tone following a period of rest 
or slight activity, was repeatedly examined in the twenty-two dogs at 
times from one day to ten months subsequent to sympathectomy. If 
the sympathetic system contains the efferent path for tone or for any 
phase of tone, interruption of this path by removal of the stellate ganglion 
should have been immediately followed by loss of the tone so innervated, 
and deferred changes must be explained on other bases. Table 1 pre- 
sents the results of examinations of six animals made previous to and in 
the first week following sympathectomy; as these animals were decere- 
brated on the first, second or seventh days, later readings were not ob- 
tained. The condensation into such a table of the great number and 
variety of observations made necessitated compromise, but the method 
of averaging was adhered to. The results of this process are recorded as 
operated greater, (O>), or normal greater, (N>), or practical equality, 
(=), or bya negative sign, (—), signifying that the activity in question 
was not exhibited. Other symbols used are explained below the table. 

The following is a typical protocol, somewhat condensed, of one of these 
examinations, the only one revealing relatively less tone in the sympa- 
thectomized as compared with the normal limb. 


1/26/26. Series I, no. 10 (right sympathectomy one day previous). 

Condition, activity, appetite excellent. Incision closed and tight. Right eye 
shows complete Horner’s syndrome, left eye normal. Right leg and shoulder hot 
to touch, paw-pad hot and flushed; left leg and shoulder tepid, paw-pad cool and 
pale. 
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Use of legs in walking and running is symmetrical, in standing no tendency to 
flex either. 

Suspension by the ears, fore legs extended alike. 

Back down in the V board (a dog board constructed of two side boards placed 
flat and two central boards placed at an angle of 90° so that a small dog placed on 
his back in this lies with head, body and tail in a straight line: the legs are sym- 
metrically flexed on the chest. Passive extension by lifting the legs into extension 
then pressing on the paws, is quickly assumed and very well maintained in twenty 
trials. Extension is slightly more quickly assumed by the left leg in eight of the 
twenty trials, but when completely assumed is of the same visible degree (front and 


rABLE 1 
Summarizing the examinations of resting tone made on 6 dogs immedi 
and sub equent to sympathectomy 


ANIMAL . T RAT FLEXION 
DOMINANT 


7th 


. signifies be.ore operation, Ist, the dav following operation; 2nd, the second, 

C signifies that the paws were equally cold to touch; =W, that both were 
equally warm to touch; OwNe, that the operated paw was warm, the normal cool; 
OyNe that the operated paw was hot, the normal cool; O;N, that the operated paw 
was tepid, the normal cool, ete. 


side view) in both legs. In the shortly maintained extension, less than three min- 
utes, the right leg flexes first in thirteen of fifteen. In five long maintained exten- 
sions, more than three minutes, the right flexes first twice, the left, three times 
The flexion is complete and equal, the legs lying symmetrically on the chest Che 
resistance to passive flexion from extension both of the leg as a whole and of the 
paw alone is great and equal in the two fore legs. The resistance to passive exten 
sion from flexion is slight and equal. No head deviation 
Suspension by the ears again, the fore legs are extended alike. 


Though dogs were found to be less sensitive than cats to reflex modifi- 


vation of limb posture and tone by head, neck, and body posture care 


I 9 B.O. (2 ( 
1 10 B.O. (2 ( 
I B.O ( ++ 
1 13 B.O. (2 
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I 9 Ist OwN 
10 Ist OgN, N 
I 11 Ist OuN, ++ 
113 2nd OgN, 4 
1 14 2nd 
I 9 7th ON, N> +N 
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was always taken to eliminate this factor by adjusting the animal in a 
straight line in the V board, and in suspension by grasping the ears or 
beneath the jaw on both sides, a method unquestionably symmetrical. 
This protocol brings out the main functions examined: 1, the degree of 
flexion in the fore limbs when the animal was lying back down on the V 
board; 2, the degree of extension assumed either spontaneously or as a 
result of passive extension; 3, the maintenance of passive extension from 
flexion, or the maintenance of passive flexion from spontaneous extension: 
$, the resistance opposed by the limb to passive changes in posture, to 
extension from flexion, and to flexion from extension; 5, the temperature 
of the paw-pads. These functions were selected for routine examination 


1. Series II, no. 12, § 25. Passive extension maintained by the normal 


g. 2. The same; passive extension maintained by the sympathectomized limb 


g. 3. The same; flexion. 


in all the conditions studied because they seemed the most physiological 
index of the state of tone, both ‘‘contractile” and “plastic,” if this distine- 
tion is valid, which could be obtained in the intact animal. 

Observations made on the remaining sixteen dogs during the first week 
following operation were in accord with those in table 1. From data from 
twenty-two animals, therefore, it is apparent that sympathectomy resulted 
in no immediate significant alteration in normal resting tone. 

However, Royle (1924) has reported that the development of relative 


hypotonia following sympathetic rami-section in goats and spastic patients 


required time. Such later changes, though they could not be ascribed 
solely to section of an efferent path for some phase of tone would never- 
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theless be of interest. Numerous examinations of resting tone were made 
between the first week and the tenth month following sympathectomy on 
sixteen dogs. Figures 1, 2 and 3 were taken during the course of an hour 
examination, similar to that outlined in the protocol, of an animal (II, 12) 
from which the left stellate ganglion had been removed six months pre- 
viously. The practically equal flexion, slightly greater perhaps in the 
normal limb, and the well maintained passively imposed extension in 
both limbs are clearly illustrated. 

The first readings (mileage: 0) in table 2 give the results of nineteen 
of these examinations of resting tone in seven dogs operated five to seven 
months previously. When averaged together, these data indicate a more 
complete extension in three of seven animals, and a better maintenance 
of passively imposed posture in one of seven, in the limb deprived of 
sympathetic innervation as compared with its normally innervated com- 
panion, but such a small difference, in view of the great variability in the 
same animal shown in the protocols, can have no significance. This 
represents very well the conditions found in examinations made on rest- 
ing tone between the first week and the tenth month following sympathec- 
tomy, and is in agreement with the majority of previous reports of such 
observations. 

THE TONE DURING WORK AND FATIGUE was studied in a group of seven 
dogs which had been operated five to seven months previously, and in 
which, therefore, the vasomotor readjustment could be considered maxi- 
mum, while as shown by the constricted pupil and the non-participation 
of the blood vessels of the limb in general vasomotor reflexes, sympathe- 
tic function was not regenerated. After a period of training, these ani- 
mals were forced to run in a motor driven treadmill distances increasing 
from five to fifteen miles at a rate of three or four miles per hour. As 
these dogs were small, weighing from seven to eleven kilos, and had been 
kept in cages for months, the running of these distances produced great 
fatigue. At intervals of two miles when the animals were run at four 
miles per hour, or of three miles when run at three miles per hour, the 
gait was carefully examined from all points of view, the mill stopped 
and the resistance to passive flexion tested with the animal standing up, 
and the animal then removed and put through the type of examination 
outlined in the protocol given, but lasting ten minutes instead of thirty. 
Table 2 summarizes the results of one hundred and two such examinations 
made on the seven dogs, before, during, and after the running. As at no 
time did significant differences in the gait or the use of the legs or the 
placement of the paws appear, these are omitted from the table. 

Inspection of the table shows the extreme variation from animal to 
animal, and even in the same animal from time to time, but in averaging 
all the data, differences between the operated and normal limbs for each 
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examinations before and during continued exercise. 
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function examined are reduced to a negligible reminder. It was very 
clear during the experiments, though less apparent in the table, that the 
longer the period of running, and the greater the fatigue, the more alike 
was the behavior of the two limbs; that differences which were present 
at the end of the third mile were obliterated by the ninth or twelfth, quite 
in contrast to the effect of fatigue in sympathectomized birds reported by 
Hunter (1924). Moreover, what differences were present early in the 
running were more often of the nature of greater tone in the sympathec- 
tomized limb, that is, more complete flexion, and better maintenance of 
passive extension. Differences in temperature and color in the paw- 
pads were also developed by the running. During the control examina- 
tions the paw-pads were usually both cool or tepid, but by the end of the 
first two or three miles, the normal had become markedly flushed and 
warm, presumably through reflex vasodilatation, whereas the sympathec- 
tomized was still cool or tepid. With increasing distances run, the tem- 
perature of the normal paw-pad rose, reaching a maximum between six 
and twelve miles, and the operated paw-pad also became warm and 
flushed, though less rapidly than the normal, its blood vessels probably 
being relaxed by metabolites produced in the muscular work. In some 
dogs a slight difference in the temperature of the fore-paw-pads persisted 
throughout but in others by the end of the twelfth or fifteenth mile none 
was detectable. The possible relation of the tonic differences to this 
sequence of vascular changes will be considered later. 

It is apparent, however, from these data, that interruption of the sym- 
pathetic innervation to the fore limb affected in no way its capacity for 
prolonged muscular work, influenced in no degree the onset or severity of 
fatigue, modified in no respect, either in the extent or smoothness of the 
lift or step or in the placement of the paws, the use of the limb in walking 
or running, whether fresh or fatigued, and affected the tone only slightly 
and temporarily, and that in the direction of augmentation. 

This concludes the data on the tone and use and vascular condition of 
the fore-limbs in normal states following unilateral sympathectomy. 
It comprises examinations at all times from the first day to the tenth 
month following sympathectomy, and over the whole range of normal 
activity in the limb from rest to extreme fatigue. From this bulk of 
data no evidence is forthcoming supporting the view that a sympathectic 
innervation is essential for the exhibition of any phase of tonic activity, 
or plays any constant réle in the normal activity of the limb, The lack of 
influence of sympathectomy on the use of the limb in prolonged work is 
indeed suprising as indicating that central vasomotor control of the blood 
vessels and through them of the nutrition of the tissues is of minor im- 
portance. 

The question of the sympathetic innervation of normal tone should 
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be answered by data taken in normal states, the condition of tone im- 
mediately following sympathectomy in an otherwise normal animal being 
crucial, as compensating mechanisms usually need to be trained. The 
relation to normal tone of the hypertonias resulting from disease, experi- 
mental procedures, toxins or drugs is doubtful, but in the dearth of posi- 
tive evidence from normal states recourse has been had to these. Hyper- 
tonias varying in degree of abnormality from the relatively physiological 
decerebrate rigidity to the completely artificial veratrine contracture have 
been used for their studies of sympathetic innervation by various men. 
The following four sections present data taken from four such experi- 
mentally produced hypertonic states. 

THE TONE OF PARATHYROID TETANY was selected as the first example 
of exaggerated tone for study because of its complexity, by virtue of 
which all phases of tone would probably come under observation if not 
in one at least in a series of animals. The work of Horsley (1885), Lanz 
(1894), Biedl (1916) and Mustard (1912) had shown that the motor cortex 
was not the seat of the activity producing hypertonus, whereas the de- 
cerebration experiments of Paton, Findlay and Watson (1916) had indi- 
cated that removal of the entire cerebrum augmented the syndrome, 
perhaps, however, merely by summating tetany and decerebrate rigidity. 
Luckhardt, Sherman and Serbin (1920) had presented evidence indicating 
that the tonic phase of tetany is reinforced by the cerebellum, and num- 
erous observations, most recently those of the men just named, had shown 
that though spinal transection may depress, it does not eliminate tone 
from tetany. Moreover that tetany is probably due to central stimula- 
tion independent of homo-segmental afferent impulses was suggested by 
its occurrence in deafferented limbs as reported by Mustard (1912). 
That there is in addition to central stimulation an increased irritability 
of the peripheral neuromuscular mechanism is well known. The evi- 
dence, then, assigned to tetany a complex origin, probably an exaggera- 
tion of the activity of all the motor mechanism whose normal functioning 
produces normal tone. This seemed an excellent condition on which to 
determine if the whole or any phase of tonic activity in a limb was altered 
by removal of the sympathetic innervation to that limb. 

Though this part of the work was commenced before Hunter (1924) 
had differentiated so sharply between plastic and contractile tone and 
assigned to the former alone a sympathetic innervation, most of the 
examinations reported were made subsequent to this, and in these the 
characteristics of plasticity were borne in mind. Moderate parathyroid 
tetany like moderate strychnine poisoning or moderate decerebrate rigid- 
ity exhibited the phenomena of plasticity, that is postures passively 
imposed on the limb were well maintained and the knee jerk showed 
“step-up.” Shortening and lengthening reactions were particularly well 
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demonstrated by the clonic jerks in a series of which the limb often pro- 
gressed from flexion to complete extension by steps. In severe tetany, 
however, the tone was usually so great as to be unmodifiable in any way 
the limbs remaining maximally extended over long periods of time, while 
such reflexes as knee and triceps jerks were depressed. Indeed severe 
parathyroid tetany was the least plastic of all the tones studied. 


TABLE 3 
smmarizing the eraminations made on paratl {vo 
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B.S. signifies before sympathectomy; 1 D signifies examination on the day fol- 
lowing sympathectomy; 1 W, in the first week following sympathectomy: 2 M, in 
the second month following sympathectomy, ete.; other notations as in table 1. 


The two animals in which tetany was to be examined on the day follow- 
ing sympathectomy were thyro-parathyroidectomized one and two weeks 


previously, and control examinations made. In both tetany was alike 
in the two fore-limbs. The remaining twelve animals were subjected to 
thyro-parathyroidectomy one week to eight months subsequent to sym- 
pathectomy. Following this operation the animals were put on a diet 
of bread and milk, and tetany controlled by calcium lactate given in mush 
by stomach tube. Tetany was produced at will by omitting calcium 
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lactate for twenty-four to forty-eight hours, and if this failed, by the 
feeding of raw beef. All of the animals exhibited tetany, but in one 
(II, 13) this was never more than slight tremor and spasticity. Three of 
the animals (II, 9), (II, 14) and (II, 15) died in the first or second attack 
and but one attack was studied. In the remainder tetany was precipi- 
tated and examined repeatedly over periods of one to four weeks. Table 
3 condenses the results of examinations on the fourteen dogs of forty-six 
attacks of tetany occurring at times from one day to nine months after 
sympathectomy. These were made in varying intensities of the attack 
but both for better examination and for the safety of the animal severe 
tetany was avoided. 

The following is a typical protocol, somewhat condensed, of one of the 
earlier examinations of tetany. Though not as complete as the routine 
examination developed later this was selected as illustrating the charac- 
ter of the greater extension observed in the sympathectomized limb in 


Fig. 4. Series IT, no. 6; right sympathectomy 3 months previously. Parathyroid 
tetany 1/11, 25, 11:35 a.m. 


Fig. 5. Same, 20 minutes later 


approximately one-third of the examinations. Pictures 4 and 5 were 


taken at an interval of twenty minutes during this examination and 
illustrate well the constancy of this difference. 


1/11/25. Series II, no. 6. (Right sympathectomy three months previously.) 

10:30 a.m. Slight tetany: tremors in jaw and shoulder. 

Held up by ears: fore-legs extended, right more. 

Back down in the V board: right leg extended, left flexed. 

Gait: spastic but symmetrical. Put back in cage. 

11:30 a.m. Tetany more severe. 

Held up by ears: fore-legs extended, right more. Cloniec jerks few and equally 
distributed between the fore-legs. 

Back down in the V board: Right leg extended, left semi-extended (fig. 4, 11:35). 
This difference was almost constant throughout the half hour of examination. The 
left leg was almost extended four times but never so completely as the right leg. 
Spontaneous flexion of both legs occurred twice, left flexed more completely. 

Resistance to passive flexion great in the right leg, fair in the left. 

Resistance to passive extension fair in the left leg. 

Maintenance of complete passive flexion better in the left leg. 
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11:55 a.m. Right leg extended, left semi-extended (fig. 5). 
Held up by ears: fore-legs extended, right more. 


From table 3 it is apparent that immediately following sympathectomy 
no differences developed between the two fore limbs in any of the fune- 
tions examined in tetany. At this time both fore paw-pads were warm 
and flushed, the normal through reflex and the operated through paraly- 
tic vasodilatation. Aftera week or more differences between the limbs 
were observed, and increased with time, so that in spite of the variation 
from animal to animal, and even in the same animal from time to time, 
a more complete extension and a better maintenance of passively imposed 
posture was clearly exhibited by six of the fourteen dogs. The coincidence 
in time of appearance of this difference with the time at which differences, 
in temperature and color of the paw-pads developed, suggests a connec- 
tion, which is further supported by the observation that the one animal 
(II, 13) exhibiting better maintenance of passively imposed posture by 
the normal limb never showed these characteristic temperature differences 
both paw-pads remaining cold throughout. This animal, which never 
developed gross tetany, was extremely emaciated and at autopsy the pan- 
creas was found almost completely degenerated. The animals (II, 14) 
and (II, 15) exhibiting the most severe tetany, the first dying in the second 
attack, and the second in prostration after the first attack, were not ob- 
served in the early stages of tetany. By the time they came to observa- 
tion rigidity was complete, almost unbreakable, and no differences either 
in tone or in extension or in paw temperature and color were detectable, 
illustrating well the unplastic condition of severe tetany. Omitting such 
observations, the animals exhibiting better extension and better mainten- 
ance of passively imposed posture constitute more than fifty per cent 
of the series. In parathyroid tetany, therefore, particularly in the milder 
degrees, there seemed to be a tendency for relatively lesser extension and 


poorer maintenance of passively imposed posture in the normal limb, 


associated with a reflex vasodilatation, compared with these functions in 
the limb deprived of sympathetic innervation, a difference which ap- 
peared as the vessels of this latter limb developed peripheral tone. The 
possible significance of this relation will be discussed later. 

The tone in strychnine poisoning was next selected for study because it 
has been a classical example of tonic spasm. Strychnine augments tone 
by sensitizing the afferent side of this proprioceptive reflex in the same 
manner that the spinal reflexes are exaggerated on the afferent side. 
That at least with the doses used in these experiments, then was no stimu- 
lation of the tonic centers as such was demonstrated on a dog whose left 
dorsal roots from L 3 to S 2 had been cut four weeks previously. In this 
animal, when the other limbs were in marked tonic spasm the deaffer- 
ented limb was atonic though exhibiting at the time frequent clonic ex- 
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tensor spasms and very active extra-segmental reflexes such as the scratch 
reflex, flexion reflex from the tail, extension from deep pressure applied 
to the abdomen. Thus the hypertonicity of strychnine poisoning pre- 
sented a quite different and what could be considered a more normal con- 
dition compared with the hypertonicity of parathyroid tetany, in that 
the centers are probably normal, but producing exaggerated tone as the 
result of the sensitization of the afferent side of the reflex. 

In these studies graded doses of strychnine, 0.10 to 0.16 mgm. 


per kilo of body weight, were injected subcutaneously. These slightly 


augmented the reflexes, including tone, without producing convulsions. 
During an examination in the V board, the limbs were sometimes extended 
sometimes flexed; passively imposed postures, either flexion or extension, 
but particularly the latter were very well maintained; shortening and 
lengthening reactions could be demonstrated in knee jerks, and were very 
noticeable in the succession of clonic jerks produced by a series of blows 


Fig. 6. Series II, no. 7; left sympathectomy six months previously; strychnine, 
4 16 25, 2:45 p.m. 
Fig. 7. Same, ten minutes later. 


on the table. There was usually marked vasodilatation in the normal limb 
so that this paw-pad was warm and flushed, whereas, in the sympathec- 
tomized limb exhibiting equal activity, the paw-pad was cold and pale 
except in the first week or so following sympathectomy. With larger 
doses of strychnine, convulsive spasms developed, plasticity disappeared 
as the extension became complete and constant, and at the same time the 
vasodilatation was replaced by vasoconstriction so that both paw-pads 
were cold and pale. Sixty-three examinations of strychnine poisoning 
in fourteen dogs were made at times from one day to six months follow- 
ing sympathectomy. Each examination commenced ten or twenty 
minutes following injection of the drug and was continued for at least 
half an hour. The results are summarized in table 4. 

The following is a typical protocol of an examination on one of the 
pair of animals first studied. 


4/16/25. Series II, no. 7 (left sympathectomy 6 months previously). 
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TABLE 4 
Summarizing the examinations of strychnine poisoning 


TIME | MAINTE- | 
arrer | NUMBER | TEMPERA- | | EXTEN- | RESIST- | NANCROF | cLONIC 
evra. | OP EXAMI- | TURE OF | | ston ANCE TO | PASSIVELY | MOVE- 
wuncrouy| ™ATIONS PAWS DOMINANT] CHANGE | IMPOSED | MENTS 


| POSTURES | 


| 
| 


bo bo 


6M 
6M 
6M 
6M 
6M 
19 6M 


O> 
Notation as used in table 1 and 3. 


* The table records the amplitude of response in the clonic jerks because the in- 
cidence was practically alike in the two fore legs. 
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2:15. Injected 0.12 ce. per kilo of 1:1000 strychnine subcutaneously. 

2:35-3:25. EExamination. 

Tone good, reftex irritability slightly increased. 

Held up by ears: fore-legs extended, left more and more anterior. 

Pack down in the V board: all four legs extended and opisthotonos position. 
Left fore-leg more extended than right and straighter at the joints. The amount 
of difference between the legs varies from time to time, now great (fig. .6, 2:45 
again slight. Sometimes the legs are almost level but the right is never the more 
extended. 

2:50-2:55. Animal quiet; legs gradually flex, right starting first and flexing 
slightly more completely (fig. 7, 2:55). Resistance to passive extension from flexion 
is slight, by placing palm across paws and pressing the legs can be made to extend, 
together and equally. Resistance to passive flexion from extension is great and 
equal in the fore-legs. 

3:00-3:20. The legs remain in extension except during the frequent struggles. 
The difference between the legs varies greatly from being visibly equally extended 
to a clear increase in the |>ft over the right, but never the reverse. Response in 
clonic jerks in great and equal in the two fore-legs. Resistance to flexion is great 
and equal. Right paw warm and flushed, left slightly cool and pale. 

3:25. Held up by ears: right leg less extended and more posterior than left. 


In the examinations of strychnine poisoning there was less variation 
between animals or in the same animal at different times than in the pre- 
vious conditions described. Summarizing the data, there was a slight 
tendency for more complete flexion in the normal limb when flexion was 
the dominant phase, and for greater extension in the sympathectomized 
limb when extension was the dominant phase, but more noticeable than 
these, a better maintenance of passively imposed postures, either flexor 
or extensor but especially the latter, and of spontaneously assumed 
extension by the limb deprived of sympathetic innervation. 

In moderate strychnine poisoning as in moderate parathyroid tetany 
the blood vessels of the normal limb were reflexly dilated so that the paw- 
pad was hot and flushed. After recovery of peripheral tone in the vessels 
of the sympathectomized limb this established the difference in tempera- 
ture and color shown in the table, the normal paw-pad warm, the operated 
cold. To what extent the vascular condition may account for the dif- 
ference in behavior between the fore limbs will be considered later, but 
it may be well to point out that the amount of both these differences was 
closely proportioned to the severity of the poisoning; the greater the 
effect of the drug the less clearly were they apparent, due probably to the 
loss of plasticity with the increasing drug action, and to the vasomotor re- 
versal in the normal limb from dilatation to constriction, making the paw- 
pads equally cold. This vasomotor reversal occurred even with moderate 


poisoning in some animals, for example (II, 10), and particularly on the 
day following operation, and complicates the interpretation of the in- 
creased tone on a vascular basis, if we assume that the circulation through 
the paw-pad reflected that through the muscle. 
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DECEREBRATE RIGIDITY was selected for investigation as an example 
of exaggerated tone because it has served both for the studies carried out 
by Sherrington and his co-workers, and by Magnus and his, on the charac- 
teristics of tone as such, as well as for the search, by many investigators, 
for a sympathetic factor there n. The studies here reported utilized two 
methods of decerebration and two systems of examination thereafter. 
In a first group of six animals, cerebral anemia was produced according 
to the method described by Pollock and Davis (1924), the carotid arteries 
being ligated in the neck and the basilar artery where it lies on the ventral 
surface of the pons. These animals were then suspended in a frame by 
cords beneath the jaw and under the muscles and ligaments attached to 
the last cervical and last lumbar spinous processes and after recovery 
from ether were observed for at least three hours. This suspension, by 
being unquestionably symmetrical, has the advantage of eliminating reflex 
modification of limb tone by head, neck and body posture, and, moreover, 
may be considered more normal than the ‘‘back down in the V board’’ 
position; but on the other hand it is less advantageous for the study of 
plasticity in tone than the latter in which passive extension must be 
maintained against the force of gravity. In four of the animals studied in 
this manner, observations on the maintenance of passive extension were 
not obtained (see table 5). Furthermore as the method of anemic de- 
cerebration frequently resulted not in the desired hypertonic state but 
in a prolonged series of exaggerated progression movements, this plan of 
experimentation was discarded in the later work. 

A second group of ten animals were decerebrated by transecting the 
brain stem through the corpora quadrigemina in the classical manner, 
following which the animals were placed back down in the V board and 
examined by the usual technique for three hours. For decerebration a 
hole was trephined in the posterior part of each parietal bone, and the 
transection done by passing a straight blunt dissector through from one 
to the other and drawing it down through the brain tissue taking great 
care to guide it transversely. An hour or an hour and a half later a 
similar cut was made starting from the opposite side and passing slightly 
more posterior, thus controlling the factor of possible asymmetry in the first 
transaction. In several animals, a series of cuts was made, alternately, 
from either side, and each more posterior than the preceding The first 
cut was always placed rather far anterior, at the anterior border of the 
corpora quadrigemina, because the incomplete rigidity resulting from this 
was found far more suitable for the study of plasticity in tone than the 
state of complete unmodifiable extension sometimes resulting from lower 
sections. This latter condition, however, was often produced and ex- 
amined following the later cuts. The rigidity developed by the decere- 
brated dogs was on the whole far less than that characteristic of cats, and 
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TABLE 5 


Summarizing the observations on decerebrate rigidity 


TIME 
AFTER 
SYMPATH- 
ECTOMY 


METHOD 
OF 
DECERE- 
BRATION 


TEMPERA- 
TURE OF 
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2D 


7D 


OwN, 
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Died of respiratory failure 
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To 
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MOVEMENT 


++= 
++= 


= |+++= 


O> 


O> 


N> 
N> 


484 
ANIMAL EXTEN- | | 
Iu tie O> N> = | N> 
cut = = | = 
I 12 cut =W = 
cut 
I 13 cut = = ++= 
cut ON w - = ++= = 
I 14 cut O.Nw = = +4++4= 
cut OwNu = = ++44= | 
I 9 | | tie = = +44= 
= = = += 
7D cut =C = = +++= | 
II 22}; 15D cut = = +++4+= = = | 
II 21 28 D cut O.Nw = N> ++= N> = 
cut = N> ++= N> 
61D tie O.Nw = = ++= N> 
117 | 182D]| tie | ONr | O> | N> += = 
O> N> += 
II 16 | 228 D tie = = = 
1117| 243D] tie | ONw | = 
OwNe > ++= = 
II 18 | 254D cut OcNw = = ++= O> 
' cut O.Nw as = ++= = = 
1119] 255D| tie | ONw| = O> ++=| = N> | 
= O> ++4+= O> 


SYMPATHETIC INNERVATION TO SKELETAL MUSCLE 4&5 


TABLE 5—Concluded 


MAINTE- 
TIME | METHOD 


| TEMPERA- EXTEN- RESISTANCE NANCE OF SPONTA- 
ANIMAL AFTER OF | | FLEXION | SION TO PASSIVELY ~EOUS 


| TURE OF 
USED |SYMPATH-| DECERE- | DOMINANT) ,owrwaNT| CHANGE | IMPOSED | MOVEMENT 
POSTURE 


| PAWS 
ECTOMY | BRATION 


1113} 299D| cut 
| cut 


II 12 | 310D} 


cut O> = | +N> 


cut O> | = +N>)} N> N> 


Notation as used in the previous tables. 

The observations of the first hour and a half, and of the last hour and a half have 
been averaged and recorded separately. 

“Tie’’ and “‘cut’’ refer respectively to the two methods of decerebration, by 
anemia and by transection, described in the text. 

“Spontaneous movement”’ has reference to the extent of such movements and 
the freedom of their execution, as their incidence is of less significance, and was on 
the whole equal. 


for just this reason more satisfactory for studies such as are reported in 
this paper. 

Table 5 summarizes the examinations of the sixteen animals decere- 
brated by these two methods at times from one to three hundred and ten 
days following sympathectomy. 

The following is the protocol, greatly abbreviated, of the last decere- 
bration performed. 


3/2/26. Series II, no. 22 (right sympathectomy fifteen days previously). 

Animal in good condition and active: 

Fore-legs used alike in walking, running or standing; no limping. 

Held up by ears: legs flexed, the right slightly more than the left. 

Back down in the V board: Legs flexed symmetrically. Passive extension is not 
maintained, the legs flex at once, together, and to the same extent. Resistance to 
extension is moderate and very slightly greater in the left than in the right leg. 

Fore-paws equally cold, left ear cold, right warm. 

Left eye normal, right shows complete Horner’s syndrome. 

10:30. Ether. Right paw remains cold, left becomes warm. Ligated both 
carotid arteries in the neck and prepared the vago-sympathetic trunks for 
stimulation. 

10:40-10:50. Eye examination: On stimulation of the vago-sympathetic trunks 
the left eye reacts normally, the right exhibits no activity either in the lids, nic- 
titating membrane, or pupil. 

10:50-11:10. Decerebration: Trephined the posterior part of each parietal bone 
and transected from right to left high on the brain stem. 

11:10. Ether removed, respiration good. 

11:14. Temporary rigidity in the hind legs, none in the fore (probably ether 
rigidity). 

11:20. Period of hyperpnea, followed by semi-extension of the fore-legs. Pas- 
sive extension quickly assumed and well maintained, but is greater both in extent 
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and duration in the right fore-leg. Extension can be made equal in the two fore- 
legs, but the left flexes first each time in three trials. The resistance of the fore 
legs to extension is slight and equal, to flexion fair and equal. 

11:23. Passive extension assumed (fourth time). Extension is equal to start, 
then the left leg begins to flex (fig. 8, 11:25) and is completely flexed by 11:29 (fig. 9). 
The right leg remains extended until 11:44, then begins to flex gradually until by 
11:47 (fig. 10) it is almost completely flexed, but even by 11:50 the flexion in the 
two legs is not quite equal. 

Right paw cool, left warm throughout. 

Slight head torsion to the left. 

Hind legs show brisk knee jerks but no extension. 

11:50-12:00. Passive extension is fairly well maintained by both fore-legs but 
better by the left than the right. In ten trials the left flexes first in three, the right 
first in seven. The resistance opposed by the whole leg or by the paw alone to 
passive extension from flexion and to passive flexion from extension is slight and 
equal in the two legs. 

The paws are both cold, the right colder. 

Slight head torsion, first to the left, later to the right. 

12:10-12:30. Passive extension very poorly assumed, but slightly better by the 
left leg. 

Eye examination: results as before. 
Transected the brain stem, from left to right, and more posteriorly. 
Complete extensor spasm. At first the right fore-leg is more extended 
than the left; later they are equal. The resistance to flexion is enormous and equal 
on both sides, both of leg and paw. Head torsion, first to the left, later to the 
right. 

12:49-1:00. Coordinated running, movements, symmetrical in the fore-legs in 
extent and frequency. Extension diminishes slightly, followed by flexion of both 
fore-legs. Passive extension is then quickly assumed and well maintained for one 
to four minutes by both fore-legs alike. There is no consistent difference in the 
time or extent of flexion. Tremor confined to the right leg. 

No head torsion after 12:50. 

1:10-2:10. Anima! quiet. Passive extension is quickly assumed and fairly well, 
though variably, maintained. No consistent difference in the duration or main- 
tenance in the first fourteen of twenty trials. In the last six, the left flexed first 
every time. Figures 1] to 16 show stages in two successive maintained passive ex- 
tensions between 1:30 and 1:40. The resistance to extension is slight and equal in 
the fore-legs both at the paw and of the entire leg. The resistance to flexion from 
extension is great and equal, both of the leg and of the paw in both legs. 

No head torsion. 

Hind legs, knee jerks brisk but no maintained extension. 

2:10-2:30. Eye examination. Results as in the first. 

2:30. Clamped the trachea: Asphyxial spasm of all four legs develops; the 
extension is maximum and equal in the fore and hind legs. The resistance to flexion 
is enormous and equal in the fore-legs, both of the paw alone and of the whole limb. 
Left fore-leg flexes first. 

Left paw warm, right cool. 

2:35. The animal is dead. 


On all of the animals decerebrated, with one exception, observations 
were made on the fore limbs only when the hind limbs were symmetrical. 
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This one animal (II, 7) exhibited a constant head and body torsion to the 
normal side, with extension of the normal fore and contra-lateral hind 


limb, and flexion of the other two limbs, for which no explanation was 


found at autopsy, and has, of course, no significance in these studies of 
sympathetic innervation except to emphasize the factor of unaccountabl: 


Figs. 8 to 16. Series II, no. 22, right sympathectomy fifteen days previously 
decerebration, 3/2/26. Maintenance of passive extension. 


variation. The remaining fifteen animals of the series all showed dif- 
ferences at times between the fore limbs but of a very inconstant occur- 
rence and character. Nevertheless, after averaging these data, there re- 
mains a better maintenance cf passively imposed posture in the normal 
limb in two of fifteen animals, and a more complete flexion in the operated 
limb in one of fifteen, a difference which is suggestive of the diminished 
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tone reported for the sympathectomized limb by Hunter (1924) and other 
observers, and in contrast with the tendency for greater tone in the limb 
deprived of sympathetic innervation found in the two pathological states 
previously described. Whether the basis of this difference lay in the 
relative circulation through the muscle of fore limbs in these various con- 
ditions, or in the constitution of these tonic states, or in mere accidental 
variation cannot be determined except by ruling out the last by a large 
series of animals and investigating the first by accurate methods. How- 
ever, the differences of temperature and color of the paw-pads used as 
indicative of differences in blood flow through the limbs, tho least in de- 
cerebrate rigidity of any of the hypertonic states studied, were, none the 
less, of the same type. Under ether anesthesia, the normally innervated 
paw-pad became warm and flushed while that of the operated limb, if 
sympathectomy had been done a week or more previously, remained 
cool and pale. If decerebration followed sympathectomy within a week, 
both paw-pads under anesthesia were tepid or warm. These conditions 
persisted in diminishing degree through the first hour or two after decere- 
bration, and were often reéstablished by successive cuts, but as exami- 
nation progressed the paw-pads tended to become equally cold. 

Taking into consideration the variability of decerebrate tone under 
the best of conditions as evidenced by differences between the hind limbs, 
and also by the inconstancy of the differences in the fore limbs, no signifi- 
“ance can justly be attached to occasional preponderance of tone in 
either the normal or the sympathectomized limb, nor can even a fairly 
constant difference appearing in only two of a series of fifteen animals be 
interpreted as meaning much more than a greater instance of this same 
variability. These observations on decerebrate rigidity, then, lend no 
support to the view that’ the sympathetic nerves have a constant and 
essential function in the maintenance of tone or in the exhibition of any 
of its characteristics such as plasticity. This work only confirms that of 
Meek and Crawford (1924), adding one more to the growing number of 
negative reports on decerebrate rigidity in a variety of animals. 

ETHER RIGIDITY, the exaggerated tone appearing during recovery from 
ether anesthesia, was frequently observed, though not subjected to 
systematic examination, first as the animals were recovering from the 
operation for sympathectomy, again weeks or months later after the oper- 
ation for thyro-parathyroidectomy, and lastly preliminary to decerebra- 


tion. Ina number of animals these last observations were very complete, 


as in the course of an examination of eye function the animals were often 
allowed to recover from deep to light anesthesia several times before 
proceeding to decerebration. The results of these casual observations 
‘an be summarized by the statement that in recovery from the operation 
for sympathectomy, no differences were noted, either in extension or 
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tone or paw temperature, between the two fore limbs, but in the examina- 
tion made during recovery from ether at varying times after sympa- 
thectomy differences were sometimes seen, usually of the nature of a 
greater extension in the sympathectomized limb, the paw-pad of which 
was cold compared with the warm normal. These differences, however, 
were by no means so marked or constant as in strychnine poisoning or in 
parathyroid. tetany. 

AUTOPSIES were made on all the animals reported upon in this paper. 
Those done shortly after sympathectomy, before dense scar tissue had 
formed, demonstrated that the removal of the stellate ganglion was com- 
plete; no vestige of it was ever found. In fourteen autopsies made before 
the sixth month, and one in the eighth month following sympathectomy, 
no sign of regeneration of the sympathetic nerves was detected. But in 
the remaining seven, done between the eighth and tenth month following 
removal of the stellate ganglion, nerve fibers were found in great numbers, 
some growing through the scar tissue in the first intercostal space and out 
in all directions, medially into the mediastinum, laterally between the 
pleura and the ribs, and forward to the vagus trunk, but most of them 
forming a dense tangle in the first intercostal space and above the firs: 
rib and going nowhere. In three of these animals (II, 12), (II, 13) and 
(II, 19), on stimulating the vago sympathetic trunks at the time of decere- 
bration the lids and nictitating membrane were found to retract, and the 
pupil to dilate on the side of lesion, though more slowly than on the nor- 
mal side, indicating that by this time sympathetic regeneration was well 
under way. This outgrowth of fibers was presumably pre-ganglionic, 
for the few cells scattered along the thoracic cord would be insufficient to 
supply the number of fibers found. In the pupil and lid muscles the pre- 
ganglionic fibers for which had been cut, this regeneration would re- 
establish the normal innervation, but the post-ganglionic cell bodies of 
the sympathetic innervation of the blood vessels of the fore limb, and of 
the muscle, also if it is so innervated, had presumably been removed and 
could not be regenerated, and, therefore, regenerated pre-ganglionic fibers 
would be functionless, unless indeed they should grow to the periphery. 
That functional regeneration did not occur, except possibly in the two 
animals (II, 14) and (II, 15) previously discussed, was shown by the non- 
participation of the blood vessels of the sympathectomized limb in general 
vasomotor reflexes, ample evidence of which is supplied in tables 2, 3 
and 4. Histological specimens were taken from the animals showing re- 
generation, and will be studied later. 

Discussion. Data have been presented on the comparative state of 
various functions manifesting tone and on the vascular conditions in the 
two fore limbs of dogs, the one normally innervated, the other deprived of 
that sympathetic innervation which it derived through the stellate gan- 
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glion. As the grey rami for the nerves contributing to the brachial plexus 
arise from the stellate ganglion, the removal of this, entailing the re- 
moval of the post-ganglionic cell bodies, must have completely and per- 
manently denervate the blood vessels of the fore limb, and the muscle 
also if it is so innervated, of sympathetic innervation which is distributed 
in the usual manner. The accomparying vasomotor paralysis seems ade- 
quate evidence that no significant innervation was received via this route 
subsequent to operation, and indeed, the lack of participation of the blood 
vessels of the limb in general vasomotor reflexes for as long as twenty 
months after removal of the stellate ganglion furnished the best evidence 
that central control through peripheral sympathetic pathways was eli- 
minated. 

Tone and use of the fore limbs were examined in all phases of normal 
activity and in four experimentally produced hypertonic states. In the 
normal and in three of the four hypertonic states there was no evidence 
of decreased tone in the limb deprived of sympathetic innervation as 
compared with its normally innervated companion. In two of the hyper- 
tonic states, indeed, quite the opposite prevailed. In one condition only, 
decerebrate rigidity, and in two animals only of a series of fifteen was a 
constantly greater tone found in the normal than in the sympathectomized 
limb. From this evidence the conclusion is justified that certainly the 
efferent path of no phase of tone utilized in the wide range of normal and 
pathological functions studied is exclusively sympathetic but that possi- 
bly sympathetic function modifies to a variable degree the qualities ot 
tone both to augment and to diminish it. 

Though differences in tone and use of the fore limbs following unilateral 
sympathectomy were found to be slight and variable, the operation re- 
sulted in differences in the vascular conditions in the limbs which were 
gross and constant. In these studies the blood flow through the paw- 
pads was roughly estimated by their temperature and color, more accurate 
measurements not being attempted because of the questionable quanti- 
tative relationship of blood flow through the muscle, which is the signifi- 
cant element, to blood flow through the skin of the pad. A qualitative 
and roughly quantitative parallelism of the two was indicated by the 
accompaniment of muscle activity, even the unphysiological strychnine 
spasm and parathyroid tetany, by increased blood flow through the 
paw-pads, for muscle activity is known to be attended by increased blood 
flow through the muscle. The observations on the temperature of the 
paw-pads yielded the following picture. In the first two or three days 
following sympathectomy with the animal at rest, the blood flow through 
the normal limb was less than that through the limb on the side of lesion, 
but in activity, accompanied by reflex vasodilatation in the normal limb, 
the two approximated equality. The next week was a period of transi- 
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tion to the final condition which persisted for eight to twenty months, in 
which the resting limbs had approximately equal circulation, but after 
moderate activity that through the normal limb was greatly increased 
whereas that through the denervated limb remained as in the resting limb 
until by prolonged activity the vessels of both limbs were maximally and 
apparently equally dilated. 

Referring again to the tables, when these differences in blood flow were 
most marked, that is, in strychnine poisoning, in parathyroid tetany, and 
to a less extent after the running of short distances, there the differences 
in the tone of the two fore limbs were most constant, and of the nature of 
greater tone in the limb with the poorer blood supply, the sympathecto- 
mized limb. When the differences in blood flow were slight and variable, 
that is in practically all conditions during the first week following sympa- 
thectomy, in rest throughout the duration of the experiments, after pro- 
longed activity, and in decerebrate rigidity, there the differences in tone 
between the two fore limbs were slight and variable also. That this rela- 
tionship of poorer circulation and better tone was by no means constant 
a very superficial inspection of the tables will show, but as it was more 
constant by far than the relationship between sympathectomy as such 
and the amount of tone, it becomes of importance. 

Immediately two factors dependent on the blood flow through the mus- 
cles of the limbs, differences in which may have modified the tone of the 
limbs, suggest themselves, nutrition and temperature, and others yet 
unrecognized have played a part. The establishment ofa relative under- 
nutrition in the muscles of the sympathectomized limb as compared with 
the muscles of the normal limb in which activity was accompanied by 
reflex vasodilatation, might have influenced tone either directly or reflexly, 
but that no gross nutritional defect existed was indicated by the simul- 
taneous development and equal severity of fatigue in the fore limbs. On 
the other hand, differences in blood flow through the limbs were inferred 
largely from gross temperature differences between the paw-pads, that 
deprived of sympathetic innervation being distinctly colder than its nor- 
mal control in those conditions, strychnine poisoning, parathyroid tetany, 
moderate activity, in which the greater tone was most constantly found 
in the sympathectomized limb. Cold was used to augment tone by Bron- 
geest (1860) in his classical »tudies of this phenomenon. Recently Sher- 
rington (1924) in his investigation of temperature and shivering in the 
spinal animal, and Britton in studying the effects of lowering the tempera- 
ture of homothermic animals, noted increased tone from cooling. The 
use of heat and of measures aimed at increasing the blood flow through the 
muscles is a recognized therapeutic measure in spasticities and contrac- 
tures. The relation suggests itself. However, until more varied experi- 
ments and direct measurement of muscle temperature and circulation 
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shall have demonstrated the existence or absence of a close and con- 
stant and quantitative relationship of blood flow through the muscle to 
muscle tone this will remain a suggestion. The blood flow through the 
limb nevertheless presents a variable in all the conditions in which tone or 
use of the limb must be examined following sympathectomy. If this dis- 
cussion has over-emphasized this vascular factor in proportion to the data 
actually presented it is because it has been so largely neglected in previous 
investigations of this same sort. The data given adequately support 
the viewpoint that until the influence of circulation on tone has been 
quantitatively analysed, the investigation of a possible direct influence 
on tone of a sympathectic innervation of muscle, either of an afferent, or 
of an efferent, or of a trophic nature will produce ambiguous results. 

In conclusion I wish to acknowledge my indebtedness to Dr. A. J. 
Carlson for the initial impulse for this research, and to express my gratitude 
both to him and to Dr. M. Hines-Loeb for their continued critical interest 
and encouragement. 


SUMMARY 


By extirpating the stellate ganglion, one fore limb was deprived of 
sympathetic innervation in a series of twenty-two dogs. Tone and use 
and the vascular conditions in the two fore limbs were examined in the 
resting state, during muscular work (running in a motor driven treadmill) 


is parathyroid tetany, in slight strychnine poisoning, and in decerebrate 
rigidity, at times from one day to ten months following the operation. 
Tone and use of the fore limbs were found to be alike in rest, in slight 
activity, and again after very great activity (running twelve to fifteen 
miles). The capacity for prolonged muscular work and the onset and 
severity of fatigue were m no way affected by sympathectomy. After 
moderate muscular work, in strychnine poisoning, and in parathyroid 
tetany, a tendency for the exhibition of greater tone in the sympathec- 
tomized limb was found. The relation of this to a relatively lesser blood flow 
through this limb is pointed out and discussed. A fairly constant lesser 
tone in the sympathectomized limb was found in two of a series of fifteen 
animals decerebrated. No trophic disturbances, wasting of muscle or 
lowered resistance tc infection were observed tu follow sympathectomy. 
The conclusion is drawn that the evidence does not support the theory 
of a sympathetic innervation of tone as such, or of any phase of tonic 
activity, but that sufficient evidence has been presented of a quanti- 
tative relationship between blood-flow and tone to be very suggestive 
that the circulation through a limb is one of the factors conditioning 
the tone of the limb. 
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